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1. STATEMENT OF PROBLEM

The research supported by this contract was concerned primarily with (1)
the electromagnetic modes and (2) the radiation pattern characteristics of
contemporary injection laser structures. The objective of this work was to
investigate laser structures which can produce stable-beam radiation patterns.
Because the radiation pattern in the plane of the p/n junction of many
injection devices is influenced by the cavity geometry, stable-beam patterns
can be obtained only from devices with proper and efficient control of the resonant
cavity modes.

The control of lateral fields in lasers has been accomplished with many
novel devices such as the channeled-substrate-planar, buried heterostructure
and strip-loaded waveguide. These devices tend to be extremely complicated
technologically so that it is advantageous to produce structures such as the
simple stripe geometry device. The present drawback to the stripe laser is that
it is laterally unstable. Much of our work has been aimed at rigorously
modeling the electromagnetic modes of stripe lasers. We have also applied our

analysis to other lasers such as the channeled-substrate-planar device.




2, SUMMARY OF RESULTS

The rapid development of semiconductor laser technology since the mid 1960's
has pushed the field of optical communications to high levels of promise. Early
modeling of the electromagnetic modes character in the plane perpendicular
to the p/n junction was successful because the optical fields were confined

(1)

due to the incorporation of optical barriers at heterojunctions. Original

cavity thicknesses (1istance between heterojunctions were d - 1 v m (Fig. 1).

METAL Fig. 1 Cross section of a
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In an effort to reduce the current density at threshold, the cavity thickness
was reduced to values d < 0.2y m. These small thicknesses play a major role
in the influence of the lateral mode behavior. The intense electric field in
the cavity tends to stimulate recombination of electron/hole pairs and thus
depletes the carrier density at the peak points of the optical field. To put
this phenomena in perspective we must understand the mechanisms producing
lateral confinement of the optical fields. Optical mode guiding along the

lateral direction occurs because of changes in the real and imaginary parts

of the dielectric constant. In stripe lasers, the optical mode is confined




to regions directly below the stripe. Thus the dielectric constant below the
stripe differs from its value in lateral adjacent regions bordering the stripe

region. For example, in Fig. 2 we show a cross section of a specific laser;
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Fig. 2 Stripe contact laser with active region width H..

Mode gain occurs in the active region while losses take

place in the passive regions.

the active region is below the stripe while the passive regions are below the
oxide layer. Factors affecting the dielectric distribution are:

1) Gain in the active and loss in the passive regionms,

2) Lateral temperature variations,

3) Carrier density variations.
When the peak optical field depletes carriers under the stripe, the gain
changes accordingly. Thus the refractive index changes according to (1) and

(2) above.
In our work we have shown how asymmetric modes can be excited when

the dielectric distribution becomes dtctortcd.(z) These asymmetric modes
cause extreme distortions in the radiation pattern. Furthermore, the amount of
distortion {s current dependent which reflects perturbation in the dielectric

profile.
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Another major accomplishment of our work is the first rigorous modeling

of the cavity uodos.(J'“)

All previous analyses of the electromagnetic modes
of stripe lasers have been approximate. We have shown that the vertical and
lateral modes of cavity structure are interconnected and that a complete
boundary value solution of the lateral modes must include interaction with
vertical field distributionms.

With laser fabrication technology developed at its present level, it is
possible to reproducibly grow thin epitaxial lavers such as those in Fig. 1.
Consequently, it was necessary to explore the modal effects of the lasing
field extentions into the various lavers of Fig. 1. 1In our work we have
accomplished an extensive analysis of the effects of device geometry on lateral
mode behavior in stripe contact and channeled-substrate-planar lnsera.(s'e)

As mentioned previously, the problems of lateral mode instabilities
in stripe contact lasers have been paramount because there is a ‘lack of
lateral index guiding. Optical stripline structures have a "built-in" lateral

index :tcp.(7) Consequently, we have modeled the stripline in an effort

to evaluate its mode behavior as an injection lnaer.(s)
Finally, we have devised an experimental technique for estimating

9 The intent of this effort

refractive index steps of passive waveguides.
was aimed at evaluating mode behavior of a laser structure in its wafer form.
After the laser wafer is processed, slivers are cleaved (the width of the cleave

actually forms the laser length). The slivers are then sawed to form the

actual devices for mounting. Using our technique the waveguiding properties

of the lasers in sliver form can be evaluated before final processing.
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Introduction

The research carried out by this project is aimed at

understanding the two-~dimensional radiation characteristics of

semiconductor injection lasers. Basically, the radiation pattern
characteristics of injection lasers can be divided into two
catagories: (1) the pattern in a plane perpendicular to the
junction plane and (2) the pattern in the plane parallel to the
junction. Much of the previous work in the literature is concerned
with the pattern characteristics in the plane perpendicular to the
junction. This is, of course, related to the fact that the mode
structure perpendicular to the junction (the x-direction in Fig. 1)
can be easily modeled using multilayer waveguides. On the other
hand, very little modeling of the transverse W modes (y-direction of
Fig. 1) has been made. This is primarily due to the fact that the
optical field confinement along the y-direction is not well under-
stood for some laser devices. In addition, the W mode selection
characteristics are not well understood. For example, some stripe
geometry lasers operate in high-order transverse W modes, yet the
high-order modes have less optical feedback than some of the low orders.
In an effort to understand the waveguide characteristics of
the transverse W-modes, we are modeling the radiation pattern in the

y-z plane.




Research Direction

The simple Fourier transform formula =4 to connect the far-
field radiation pattern and the near field has been used to analyze
the transverse direction radiation phenomena. In most cases, the
measured pattern is somewvhat Sharper than the theoretical one and at
@ = + 90° (along the x-axis of Fig. 1), the simple Fourier transform
formula does not lead to a null point at the facet. From ray optics,
Snell's law indicates there will be a null at 6= + 90° due to the
total internal reflection. Butler et al.s represented a mode by a
spectrum of plane waves and determined the transmission characteristic
of each plane wave. They compared calculated values with experimental
patterns to determine the device geometry and dielectric parapeters
of various layvers. Hockhu6 used a rather complicated procedure to
obtain a formula which added a new factor to the Fourier transform
formula. Lewin ! interpreted this term as "Huygens obliquity factor".
Both Butler 's and Hockham's formula applied the saddle-point asymptotic
technique to evaluate integrals and a cos 6 term was obtained to
satisfy the Snell's law at 8= + 90°. Recently, Lewin® included a
a multiplier into the radiation equation by using a weighted average
resulting from the mode-conversion effects occurring on the laser-air
interface. This method is relatively accurate and also can be used to
calculate modal reflectivity which compares well with Ih'-i'lg
numerical calculation. Reinhart et .1.10 proposed a method for cal-
culating the modal reflectivity by decomposing the modal fields into

an infinite number of plnfu waves; the plane wave reflection coefficient

wvas used to obtain the modal reflection coefficient.




The above considerations are based on a one dimensional model.
It is assumed that the facet fields are uniform along the junction
(lateral direction). The research in this project is concerned with
the model structure in the lateral direction which relates also to
the radiation pattern in the plane parallel to the junction. Con-
sequently, a model of the laser cavity is being developed to model
the lateral cavity dimensions. This model will be applicable to
presently fabricated devices such as stripe-geometry luenu, buried
heterostructure lucrsn. and internally striped planar lnen.n

Gordon“ extended Reinhnrt'llo model from one to two dimensions
which covers the finite waveguide width in junction plane, however, no
explicit relation between the reflectivity and the stripe width has
been explored. Nuhls assumed that the gain under the stripe contract
and the loss outside the stripe will produce a complex dielectric
constant and gain with parabolic shape along the junction plane due to
the current spreading under the stripe. Experimental evidence was reported
by Cook and Nuh16 for gain-induced guiding and refractive-index
antiguiding along the junction plane of the stripe-geometry DH lasers.

In the direction normal to the junction plane (transverse directiom),
the fields are confined by the index steps between the active region and
the surrounding passive medium and have the sinusiodal shape. The modes
can be restricted to the lowest order by making the active region very
thin or index step very small. However, along the junction plane, the
mode structure remains somewhat uncontrollable despite the introduction

of the stripe contact. We have investigated the two dimensional radiation

pattern and mode reflectivity. The active region under the stripe is
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treated as an antenna aperture and a rectangular waveguide model is
applied to study the radiation and modal reflectivity. Although,
the change of index along the lateral direction is continuously
varying instead of abruptly changing, the gradient of the refractive
index can be neglected when the index variation is slow. The
transmitted field can be obtained by matching appropriate fields at
the laser-air interface. The half-power beamwidth in the transverse
direction compares well with experiments while the lateral half-power
beamwidth has a narrower value than the measured one. This may be
due to our neglecting the loss outside the stripe in the active region.
The two dimensional modal reflectivity has been obtained by
weighted average of the electric field with a specific multiplier to
include the effect of mode conversion. The relation between the
reflectivity and the stripe width is shown. The fundamental lateral
mode has the largest reflectivity for typical stripe widths except near
the cut-off width of the higher lateral modes. For large stripe widths,
all modes approach the asymptotic value which can be obtained from the

one dimensional model.
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Fig. 1 Radiation from the end facet of an injection laser. The facet is located
in the x~y plane with the z-axis normal to the facet. The half-power
beam widths 6, and €, are measured in the planes perpendicular and
parallel to the junction plane.
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Introduction

The research performed on this project has been directed toward
the analysis of semiconductor laser modes in the plane of the junctiom.
(Mode confinemen: perpendicular to the active region is due to the
grown heterojunctions while confinement along the junction plane is
associated with the device geometry. In the case of the stripe-geometry
laser, confinement is due to the stripe contact as shown in Fig. 1.)

More specifically, we give brief results of our work concerned
with: (1) a new waveguide model developed for stripe geometry lasers,
(2) a comparison of theoretical and experimental radiation patterns in
the plane of the junction (this pattern is tied to the lateral waveguide
geometry), and (3) two dimensional mode reflectivity data.

Research Direction

In Fig. 1(a) we show a cross section of the laser geometry while
in (b) we show the detailed goonciry of the active region. In the
direction normal to the junction plane (transverse direction), the fields
are confined by the index steps between the active region and the sur-
rounding passive media and have the sinusoidal shape. The mode can be
restricted to the lowest order by making the active region very thin or
the index step very small. However, along the junction plane, the mode
structure remains somewhat uncontrollable despite the introduction of
the stripe contact. The active region under the stripe is treated as an
antenna aperture and a rectangular waveguide model is applied to study
the radiation pattern and mode reflectivity.

Figure 2 shows the far-field radiation pattern in both the transverse
(vertical) and lateral (horizontal) directions. The structure has
a, = 3.6, n, = n, = 3.46, n, = fg " 3.595, d = 0.25 ym, and 2v = 13 um.
The vertical direction radiation pattern is shown in Fig. 2 (a) where
the half power beamwidth is 40.5° and is roughly the same as the one
obtained from one dimensional model, The lateral direction
radiation pattern has €, = 3.6°. This is somevhat narrow than the measured
result which is shown in Fig. 2 (b). This discrepancy may be due to the
uncertain estimation of n, and ng outside the active region in lateral
direction. Also, the difference may be due to the fact that losses in

regions 4 and 5, outside the active region, were neglected.

1




To more accurately model the radiation pattern in the horizontal
direction, a waveguide geometry different from that shown in Fig. 1 must
be explored. Current spreading under the stripe contact primarily deter-
mines the field distribution in lateral direction. A descrepancy between
measured and calculated results may be due to the fact that current
spreading was neglected. The refractive index does not change abruptly.
Recently, Cook and Nashl claimed they found experimental evidence to
show that lateral field confinemeat is due to: (1) gain-guiding, and
(2) index anti-guiding. Overall, the gain induced gu’ .ance is predominant.
In order to approximate the gradual change of the index, we apply the
five-laver mzdclz to represent the lateral direction change. For
simplicicy, only three-layer structure is considered in vertical direction.
The model of the waveguide structure is shown in Fig. 3. We assum that
the center region 3 has strong gains 50 cn-l with large thickness;
regions 2 and 4 have less gains 20 cm-l with narrow widths. However, the
outer regions 1 and 5, outside the stripe contact, have losses -10 cn-l.
In order to include the anti-guiding effect, we assume that the center
layer has the lowest index 3.599 in lateral direction; two surrounding
regions 2 and 4 have indices 3.5995; and two outer regions 1 and 5 have
indices 3.6. The vertical confinement comes from the heterojunction index
; " 3.46, n, = 3.599.
By suitable width adjustment of various regions and choosing gain-

steps in which we have ng =

loss values, we can fit the calculated lateral radiation pattern to a
measured one very accurately. For example, we choose d1 - d3 - 2,625 um,
dz = 8,75 um and the index and gain/loss values of various regions as
above in which the gain guiding and index anti-guiding effects are con-
sidered. The result is shown in Fig. 4. The calculated half power beam-
width 1s 7.2° which is about the same as the measured one.

Finally, the modal reflectivity of various two-dimensional modes
has been obtained as a function of the stripe width. The results are shown
in Fig. 5. (The parameters are listed in the figure.) We notice that the
fundamental lateral mode has the largest reflectivity except near the cut-
off width of the higher lateral modes. This means that the lower order
lateral modes have a better chance to oscillate than the higher order ones.
Also, there are minimal values near the cut-off stripe width of the various
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lateral modes. As the stripe width is reduced further, the reflectivity
of higher orders increases very sharply and may have a value larger
than the fundamental mode. Generally, the lateral fundamental mode has
the highest reflectivity. On the other hand, at large stripe widths
Rl.n - Rl. the one dimensional reflectivicty.

1. D. D. Cook and F. R. Nash, J. Appl. Phys. 46, 1660 (1975).
2. J. K. Butler, J. Appl. Phys. 42, 4447 (1971).
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' direction field distribution. The gain-guiding and
index-antiguiding are shownm.
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BRIEF OUTLINE OF RESEARCH FINDINGS

The work during this previous period has been aimed at developing a
comprehensive model of the stripe geometry laser structure. Tyvpical

laser wvafers are fabricated by growing multiple layers of (Al GCa)As

wvith varying percentages of Al and a final layer of GaAs. Contemporary
structures have very narrow active lavers (* 0.1 - 0.2 um) with small
amounts of Al (~ I92). The active layer is generally sandwiched

between two (Al Ga)As layers containing approximately 702 Al. The

final LPE growth layer is GaAs which is used to facilitate the forming

of metallic contacts. However,first Si0, is deposited over the grown GaAs
layer. Narrow stripes of Si0; are removed to form the light propagation
axis. Finally, the metal layer is deposited over the 510, and GaAs stripes.

The stripe metallic contact to the GaAs cap thus forms a path of current
flow through the grown layers. The object of the stripe is to limit the
lateral current spreading and to laterally confine the recombination region
in the thin active layer.

The mathematical model which we are presently developing will allow for

a complete analysis of mode characteristics in stripe lasers. This model
takes in to account the complete details of the active region, the grown
confining layers, the GaAs cap, and finally the Si0, - metallic layer
formed over the GaAs. We have developed design curves which correlate

the number of lateral waveguide modes with the stripe width and the level
of pumping of the active region. The calculations show that lateral

mode stability becomes a problen when lasers must be pumped at high levels.
lasers designed for single mode operation wmust be pumped at low levels.

The complete details of our analysis are in preparation.

»/
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BRIEF OUTLINE OF RESEARCH FINDINGS

Much of the work over the previous period has been concerned with a study of
modes in stripe geometry injection lasers. It has been found experimentally that
oxide stripe lasers frequently produce radiation patterns with major lobes cocked
at slight angles (0-10°) with respect to the normal of the end facet. In addition,
the lobe direction is a function of drive current. (Obvious application
considerations involve coupling laser output power to optical fibers. It is
important to reduce beam jitter to obtain optimum coupling.) In an effort to
understand the lateral patterns we have modelled stripe lasers with an asymmetric
dielectric profile. The theoretical patterns of our model also produce
asymmetric patterns. Consequently, we conclude that pattern instabilities
are produced by laterally changing dielectric profiles.

Finally, most of the electromagnetic models of injection lasers with
stripe contacts are insufficient i{n their descriptions of lateral modes.

We have developed a new mathematical model useful for analvzing the field
structure. For example, assuming a lateral parabolic dielectric profile
the wavepuide modes are written as linear combinations of Hermite-Caussian
functions. Previous analvses have assumed that lateral modes are described
by single Hermite-Caussian functions. For a givenparabolic profile, the
new model shows that the lateral field distribution of the fundamental mode
spreads more than that obtained using previous models. Consequently, the
radiation beamwidth will decrease. With the more accurate description of
the lateral modes we can then obtain accurate dielectric profiles which are
governed by the device geometry.

Page 2
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ASYMMETRIC MODES IN OXIDE STRIPE HETEROJUNCTION LASERS.

I K Butler*and K. S. Sommers, Jr.
RCA laboratories
Princeton, N. J. 08540

ABSTRACT

Tne region between the pair of heterojunctions of an oxide-stripe laser is
modelled by a step profile in the lateral distribution (parallel to the hetero-
junctions) of the gain and of the refractive index, in an attempt to gain insight
about the interpretation of the asymmetric radiation patterns freguently observed.
A region of width K. concentric with the stripe contact is subdivided inte three
sections, in each of which the gain and index are uniform. The step heights for the
fain distridbution and for the index distribution are given complementary symmetry,
with the gain maximum superimposed on the index minimum. Asvmmetry is introduced
by lateral shift of the extrema at fixed E.. With values of gain, index step,
and K. that seex reasonable for the laser studied, the near and far fields repro-
duce the measured profiles of a representative 10 um stripe laser. The offset
of the spontaneous profile is about 3 um from the center of the stripe, and the
beaz has a single lobe for all low order modes with offset of order 5° from the
facet normal. Because of the near cancellation of gain guiding by index anti-
guiding which is required to give the observed asvmmetries, the propagation con~

stant becomes very sensitive to injection level: this may explain the observed

non-monotonic change of modal power and the very rapid shift of modal wave-

length with current.

*Work supported in part by the U.S. Armv Research Office.
+Permanent address, Southern Methodist University, Dallas, TX 75275




ABSTRACT

LATERAL MODES OF STRIPE GEOMETRY INJECTION LASERS*
by

J. K. Butler and J. B. Delaney
Southern Methodist University
Dallas, TX 75275

A new mathematical model useful for analvzing lateral wmodes of
stripe peometry lasers is presented. The oxide stripe laser is modeled
as a three laver waveguide in which the dielectric constant of the active
laver varies only along the lateral direction; the dielectric constant
of the surrounding passive lavers is assumed tc¢ be position independent.

The sclution technique affords a rigorous matching of the fields of the
active laver with those of the surrounding passive lavers. To illustrate
the model, the modes of a waveguide with parabolic dielectric variation
along the lateral direction are investigated. The fields are written as a
linear combination of Hermite-Gaussian (K-C) functions: heretofore,

fields have been described with a sinple H-C function. The lateral field
distribution of the fundamental mode spreads more than the one obtained
using single H-C functions. Fundamental mode spread (spot size at
halfpower) is calculated and related to the gain distribution. 1In addition,
the peak gain fields are determined at threshold for various wavepuidc

geometrics.

*Supported bv the U. S. Arm Research 0ffice.
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BRIEF OUTLINE OF RESEARCH FINDINGS

Over this last period we have developed for the first time a mathematicalV
model for analyzing the optical fields of stripe geometry injection lasers..
The aiz here has been to develop such a model so that an accurate description
of the lateral dielectric profile can be used for analyzing the lateral
modes. Previous work on this grant has shown the important result: asym-
metric dielectric profiles (asymmetric about the center of the stripe contact)
lead to a distortion of the mode radiation pattern. With our new rigorous
model complete radiation pattern behavior can be understood.

In this previous period we have developed a model which describes the number
of lateral modes which may propagate in stripe geometry lasers and related
devices. This study alsc addresses the problems of "kinks'" or the high non-~
linearities ir the P-1 diode characteristics. These kinks are primarily
caused by the drive sensitive dielectric profile which of course governs the
mode pattern and the mode content.

In conclusion, we have greatly increased our understanding of the performance
characteristics of various laser devices. It is clear that the classical
stripe-geometry devices will have to a certain degree mode stabilitv and
pattern distortion problems.
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ABSTRACT
LATERAL MODE CONTENT OF STRIPE GEOMETRY LASER STRUCTURES®

by
J.BE. Delaney and J.K. Butler
Southern Methodist Universitcy
Dallas, Texas 75275
and
K. Kressel

RCA Laboratories
Princeton, N.J. O0B54C

A model is presented describing the lateral mode content cf
stripe geomerry laser structures. A dielectric discontinuity ir
the lateral junction plane, determined froc the gain/loss profile
of the active laver and froz the total geometrical structure of
stripe geometry devices,is calculated and related to the cutof!
conditions of the various lateral modes. In our model, character-
4zed by a step in the lateral complex dielectric constant of the
active laver. the cutoff conditions are dependent upon the gain
region wvidth defined by injection under the stripe. The model
also provides a comparative analysis of the standard oxide stripe

and the channeled~substrate lasers. Ve examine conditions under

which the fundamental mode is unstable and in fact may not propagate.

*This work was supported bv U.S. Armv Research Office.
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ABSTRACT

A RIGOROUS BOUNDARY VALUE SOLUTION FOR THL
LATERAL MODES OF STRIPE GEOMETRY INJECTION LASERS*

by

J. K. Butler and J. B. Delanev
Southern Methodist University
Dallas, TX 75275

T

A nev mathematical model useful €or analvzing lateral modes of
stripe geometrv lasers 1s presentec. The oxide strive laser is modelec
as a three laver waveguide in which the dielectric constant of the active
laver varies onlv along the lateral direction: the dielectric constan:
of the surrounding passive lavers is assumed to be position independen:.
The solution technicue affords a rigorous matching of the fields of the
active laver with those of the surrounding passive lavers. Tc illustrate
the model, the modes of a waveguide with parabolic dielectric variation
along the lateral direction are investigated. The fields are written as &
linear combination of Hermite-Gaussian (B-C) functions; heretofore,
fields have been described with a single K~C function. Fundamental mode

spread (spot size a: halfpower) is calculated and related to the gair

distribution. [Previous estimates of the lateral field spread of the fund-
samental mode using a single B-C function mot rigorously matched at the
boundaries can vield spot sizes as much as 302 different froc results

calculated fror linear combinations of H-C functions.) ln addition, the

peak gain fields are determined at threshold for various waveguide gec-

|etries.

*Supported by the U.S. Armv Research Office.
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BRIEF OUTLINE OF RESEARCE FINDINGS

The work over this past period has progressed along two lines: (1) Theoretical
investioation of lateral waveguide modes and (2) Experimental investigation of wave

oropagation in laser structures.

J. B. Delaney has worked primarily in theoretical! aspects of lateral mode
characteristics. One of the primary research topics in injection laser studies
concerns the development of devices which support stable oscilla®ting modes.
Instabilities produce "kinks" in the power-current characteristics and radiation
patterns with lobe directions that are sensitive to drive. Stripe geometry
lasers have instabilities which are attributed to the index antiguiding nature
of the wavequide modes. Index antiguiding is primarily due to carrier injection
in the active region and thus depresses the refractive ingex there. We have
shown that the overall device geometry of stripe lasers can contribute to
antiguiding effects

M. W. Scott has been working on the experimental investigations. (He has
also made 2 study of radiation patterns from optical stripline waveguides.
These waveguides are constructed similar to stripe geometry lasers. He is
in the final stages 0of his manuscript preparation “Radiation from Optical
Stripline Waveguide."] The experimental measurements being conducted concern
the focusing of 1.15 micron radiation from a He-Ne laser on the facet of a
stripe geometry laser and observing the mode structure on the opposite facet.
The lasers were prepared at RCA Laboratories, Princeton, N. J. and were mounted
on special headers so that observations of front and rear facets could be
made. Our basic objective for this study is to develop an understanding
of wavequiding in lasers by probing the waveguide with light at 1.15 microns
which is insensitive to the waveguide gain which guides the light at the
0.83 micron wavelenagth.

-
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BRIEF OUTLINE OF RESEARCH FINDINGS

The work over this past period has progressed along: (1) theoretical
investigations of lateral waveguide modes and (2) experimental investigations
of wave propagation in laser structures. Our aim is directed toward the
development of stable, single mode lasers important for many system applications.

J. B. Delaney's work in the analvsis of laser modes is proving to be
extremely valuable for characterizing contemporary laser structures. His
work discussed in the last progress report (Details to be published in
IEFE J. Quan. Electron., Aug. 1978) concerned the development of a wave-
guide model for stripe lasers with proper attention focused on the overall
geometry, including the metallic stripe contact and isolating S10, layers. '
The analysis was also applied to channel-substrate-planar (CSP) lasers which
are relatively mode stable. Our calculations indicated that CSP devices
are more mode stable than the stripe lasers. The analysis iy being further
developed in order to explore its full implementation on new devices.

J. B. Delaney's recent work which is being prepared for publication
concerns the far field radiation of stripe lasers with small stripe widths
S (<5 um). Present literature indicates the latcral field beam (parallel
to the junction plane) decreases as the active laver thickness ¢ decreases
(below 0.2 ym). Our new work shows that the lateral beam Lroadens as d
drops. Further, the required gain at tireshold, g¢y, is developed in terms
of S and d. Our results show that for a given d, an optimum S can be deter-
mined; this correlates to the determination of a minimum value of current at
threshold.

Much of the analysis mentioned above require knowledge of the optical
properties (the dielectric constant) of the device material (epitaxial S10
and metallic lavers). The epitaxial and Si{0, lavers have published opticn?
properties, whereas, those of the metal contact are relatively unknown.
(Contemporary devices have active regions near the contact with optical fields
penetrating the metal.) Also, the mechanism producing lateral mode confine-
ment in stripe lasers is still an unknown. Hence, we have been developing
experimental methods to explore the various unknown parameters. M. Scott
has continued tc develop this important area of our program. His recent work
submitted for publication concerned the pattern measurement of a laser cavity
which was excited with an external source. From the far field measurement
ve estimated the properties of the epitaxial grown layers.
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Evaluation of Dielectric Optical
Waveguides From Their Far Field Radiation Patterns*
by M, W. Scott and J. K. Butler
Southern Methodist University
Dallas, Texas 75205
ABSTRACT
An experimental technique for determining thc characteristics of
dielectric optical waveguides is presented. The far field pattern of
the vaveguide ls mcasured and compared with a theoretical pattern. The
presence of spurious light in the far fie)d complicates the measurement,
but this difficulty can be minimized for many structures. Application

to semiconductor laser structures is discussed. Determining the wvave-

guiding properties of laser structures prior to processing can result

in the ecarly dctection of faults for increased yield.

*Supported by U. S. Army Research Office
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1976 Device Research Conference, Salt Lake City, Utah

1147 Optica! Stripliine Wpvesyioes -
J. K. Buller ang C. 5. Wamg, Soulnear Meghroodsl

Univenasly, Dalles, Texas 785275 anmdg J. C.
Campbell, Texas 1nalrumenls, Talles, Texas
18321

One class of channel wavepu:des frequently E
propesed as elements in integratged opticsl
circuits are optical striplines.- The struc-
ture consists of an underiving sudstrate with
an index ny, & slad of thickness, ¢, having
refractive index n3, ané an overlaved stiripe
of width Iv and an index ny. the index
n2 > n), nx. Optical confinement of the fields
is rvestricted to the slad in the region belos
the stripe Previous theoretical investigs-
tions+.- of these waveguides have used an
artificial index discontinuity to explain the
latera]l optrical confinemen: The approach
descrided herve is ¢ assume the waveguide
modes are composed of a continuue of plane
waves. Confinement tc the region delow the

tripe is obfained by spatial interferidnce
The propagation constants ave calculsted as &
funciion of waveguide geometvies. Model cut-
off conditions are deternined as 2 function of
the slad thickness (d) and siripe width (2w)
for s range of index stgps The ctserved modes
reperted by Blum et al.- agree with cur calcu-
iations. We have measured the lateral fleld
profiles of severa!l GaAs optical striplines,
experimental-thecretical compariscons ave made.

me have fadricated several divectional
couplers con:astxnlhcf parallel optical strip-
line waveguides the coupling lengths cf
these devices have been measured for different
waveguide widths and separations. Using our
thecretical model we have calctulated the
coupling lengths, the experimental and
theoretical coupling lengths are i{n sgreement.

“ E. Purute, K. Ncde ané A. Idaya, Appl. Opt.

ad, 322 (2974

€ V. Rasasvasy, BPell Syst. Tech. J. $52, 697
1870

3 7. A. Blum, D, ¥. Shav an¢ ¥. . Eelites,

Appi. Phys. lett. 2%, 226 [287)).
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Asymmetric Modes in Oxide Stripe Heterojunction
Lasers

JEROME K BUTLER. memaer. 1££8. AND HENRY S SOMMERS, JR

Abstrect - The regron between the pair of heterojunctions of an oxade
stripe laser s modeled by 3 step profile in the lateral dutridstion (par
allel 10 the heteropuactions) of the gain snd of the refractive index.
oA sttempt (o g maght sbout the interpretation of the asy mmetri
™dnton patterms frequently obeserved. A regon of width b, concen-
tric with the stripe contact s subdivided into three sections, in esch of
which the gain and inder are sniform. The step haghts for the gain di-

Asymmetry & mtrodeced by lateral shift of the extrems ot fined W,
With values of gain. index step, and W, that seem reasonsbie for the
laswr studied. the near sad (ar fields reproduce the messured profiles

Manuscript recetved October 17, 1977, revised December 16, 1977
Janvary

and 23, 1978 Ths work was supported in part by the US
Army Research Office
.l K. Butler is with the Institute of Technology . Southern Methodist

University, Dallas. TX 75278
H S Sommers. ): 1 with RCA Laboratories, Princeton. NJ 08840

0018-9197/78/0600-0413300.75 © 1978 IEEE
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» representative 10 um stripe laser. The offset of the spontaneous
i sbout )} um from the center of the stripe. and the beam has »
lobe for all loworder modes with offset of order §' from the
(scet mormal. Becsuse of the near cancellation of gain gusding by Inéder
satiguding which & required 10 gve the observed sy mmetries, the

i

I INTRODUCTION

HIS pape: presents a theoretical model of the lateral
modes (modes in the junction plane) of the narrow oxide
stnpe injection laser which encompasses several expenmental
features that are not produced by the popular Hermite-
Gaussian (H-G) model [1] The investigation was prompted
by our expenimental studies of a large number of oxide stripe
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lasers prepared from a vanety of double-heterojuncuon wafers
with thun cavities. In partucular, the H-C mode! falls tc ac-
count for the following observed properties. ) In a sizeable
fracuon of individual lasers, the facet dlumunaton (near-field)
and the lateral (far-field) profile are markedly asymmetncal in
respect to the gain profile and the normal to the face?, respec-
avely [2] Thus charactenstic has also been noted in other lab-
oratones (3] 2) While the spatal pattems are often quite
compilex. with much resolved structure. they show little vana-
uon with current or output power (2] Thus suggests that the
mode profile depends but weakly on mode order

Il. THEORETICAL MODEL

The new theoretical mode! introduces an ad hoc dielectric
profile which permits 3 machine study to find the stzes of the
spatial asymmetnes in the real and imagnary parts of the dr
electric comstant o produce the observed asymmetnes of
modal patterns.  For pedagogcal reasons, the treatment is cast
in the customary terms of index anuguiding and gaun pwding
asociated wath the free carmer distributon, but does not im-
ply that the camer distribution is the compiete explanation of
the dielectnc profile. It s found that a near<anceilation of
the two types of guiding together with a suitable asymmetry
common to both produces the kinds of patterns observed.
While the adjusted sizes of the spatial asymmetnes are found
10 be conmstent with the present sketchy ideas used to con-
nect the free carner density and dielectnc constant, the con-
tribution of the paper i not support or nonsupport of their
utility, but rather knowledge of both a profile which can yield
such asymmetnc modes and of its dispersion relations (4]

The effect of the concave refractive index and convex gain
profiles 1 to produce modes confined laterally due to the gun.
The modes are “gain gpuided”™ [5]-[7] as opposed to “index
guided.” Now for a specific complex dieiectnc profile related
to the gain and index profiles, modal compiex propagation
constants and field profiles come from a solution of Maxwell's
equations. Thus, each lateral mode propagates as expig=)
where g, the gain of the rth mode, is determined from the
compiex propagation constant. The value of g, s in 2 sense
prorated over the lateral gain profile for each mode. It should
also be noted that field profiles of index-guidsd modes are
rather insensitive to gain profiles, whereas, fieid profiles of
gain-guided modes are tightly coupled to the gun profile

The eclectromagnetic field equations of two-dimensional
waveguides can be approximated as discumed by Marcatili (8],
and the field equations developed by assuming only one trans-
verse component of the electnc field. The crom section of the
laser structure shown in Fig | has optical fields concentrated
in the vicinity of the active repion with electric fields polarized
parallel to the active layer. Current flowing through the active
regon produces optical gain spresd over 3 width W, To ap
proximate the effect of the nonuniform lateral distribution of
carmer density, the active repon 8 partitioned into three
repons. which are supported on either side by passive repons
(Fig. 2) Detail (3) thows the passive regions |. S and the re-
pons I, 3 and 4 of the active section. detail (b) shows the cor-
responding gains, which represent regenerstion mn the active
section and disipation tn the passive wings. and detadl (¢)
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shows the index of refraction, which increases from the muni-
mum in the high gain central region. The guiding by the gain
maximum s sufficient to overcome the defocusing effect of
the index mintmum.

For wave propagation in the : direction of the form
expliwt - y2) where y = a/2 ¢ §, the transvense dependence
of the field quantities becomes:

E,=0

E, = vix.y) )

Q)

3)

@)

()

where k, is the free space wave number, ny = 120r Q. and
x(x, y) s the relative dielectric constant. The transverse wave
function ¢ satsfies

Vivekixney)um=0, (6)
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where 7 is the transverse Laplacian operator

As a first approximation, we assume that the vertical (x) de-
pendence of the wave function is independent of v, the lateral
position in the waveguiding layer. This assumption 15 reason-
able for the lasers under consideration, which have large di-
electric steps at the heterojunctions compared to the vanation
tn the dielectnic constant i the latera! direction. Conse-
Quently, the solution to the wave equation in the active laver
can be written as

vix, ¥) = ¥(x) ¢(v) (7)

For the structure of Fig 1, the index step between the active
layer and the p- and n- confining walls are identical with An >
0.19 Only the fundamental vertical mode propagates, so that
wix) = cos k,x  Substituting ¢(») into (6) and simplifying
i)
el y)

3

= s kAT s ka1 - kieyiigni=o
Iy

(8)
where

k) =) - AP OV ¢ 1) mOv )k,

is the lateral dependence of the dielectnic constant in the ac
tive layer, x, i the dielectnic constant of the p. and n-walls,
and [ 1s the vertical confinement factor representng the frac
tion of the wave innde the layer between the heterojunctions
"> 0.6 for the structure of Fig | [9] The funcuon ¥(v)
found from (8) determines predominantly the near-field be-
havior along v and the corresponding lateral radiation pattern

The modal far-field pattems in the lateral direction can be
shaped by varying both the index and gain profiles [Fig 2(b)
and (c)]  Of course when both g(v) and m(y) are symmetric,
the modal patterns are symmetric about the facet normal,
whether a( ) sags below or rises above the outside values n, .
ng(n; = ng) Asa first approximation for modeling stnipe con-
tact lasers, we take @, *ay. g; "g.. 1, "n,. and n; = n,
Also we choose £, and n, as average between their outside and
tntide values te.. g; =(g; - a, )2andn, = (ny, *n, )2 Thus
the step models of g( v)and m(¥) approximate the smooth con-
tinuous distributions

When the high-gain repion is centered in W,. the modal pat-
terns are umilar to the H-G functions. However, as region 3 18
shifted gradually to either the right or left of center, the far-
field patterns become asymmetric sbout the facet normal.
The major lobe of the fundamental mode shifts off the facet
normal. For example when n, - n, ~ 10" and when region 3
is shifted off center by | um, the major lobe can shift almost
10° off the axis normal, and the higher modes have lost the
characteristic H-G shapes (10]

M. CoMPARISON WITH EXPERIMENTAL PATTERNS

We studied a conventional oxide stripe laser 7/77.984 whose
patterns illustrate the asymmetry typical of many of our stripe
contact lasers. Fig 1 is the cross section of the starting wafer
S3I6DH-CW, which was grown by liquid-phase epitaxy. The
carrier concentrations of the semiconducting layers, reading
from top to bottom, are 10'* /em® p type, 3 X 10" p, a low

a“as

concentration in the active repon from a trace of Si, and 2 X
10'" n type. The laser had an oxide stripe metallic contact
[11) about 10 um wade and cleaved facets separated 100 um
One facet had a dielectne reflecung coating. According to the
theory of current spreading in a two-layer cap (2], the effec-
tive width of the recombination regon 15 10 um greater than
the wadth of the contact.

All studies used a low duty cycle pulsed current (20 ns nom-
inal wadth, S000/s) to avoid mgnificant heaung  Measure-
ments were made with 2 box car integrator with 10 ns nominal
gate wadth as a peak detector. The spontaneous emission was
transmitted through a tandem pair of 100 A bandpass filters
with centers 600 A less than the coherent hand. This short
wave emission gives an accoun! of the junction voltage at the
output facet {2]. Further details of the technique are given in
12

The Pl (polanzauon index) characteristic was nearly linear
with soft tum-on  No marked structure was present in it
beyond a slight waviness. We have observed all the effects dis-
cussed in lasers with very linear charactensuc curves as well as
those with sharp kinks in P, but have been unabie to correlate
any of the reported properties with Kinks or structure. The
patterns here presented were in the soft tum-on regon close to
threshold

The model parameters and widths of regons 2, 3. and 4 were
adjusted so that the theoretical pattemn of a pure mode ap-
proximated both the monochromatc far-field pattem and the
coherent near-field. The listed index steps are conmistent wath
our limited knowledge of the carrier concentration benesth
the stnpe contact and of the dependence of refractive index
on carner density [7]  With the gain parameters of Table I,
the modal gain g * - = - 2 Real (7) is about 100 em ™" for each
of the three lowest modes. At threshold, £ = (1/T hageg. 8 cOn-
dition satisfied by I'= 0.6 and agqy * 60 cm™’

Fig 3 compares the experimental near-field patterns with
the calculated second-order (S = 2) lateral mode. The shape of
the spontaneous emission at SO mA (threshold = 40 mA) s
symmetncal with half wadth (full wadth at half power) of 14
um_ it s assumed to be concentric with W, of Fig. 2 to enable
comparison with the calculations. The coherent pattern at S0
mA, P ~ &4 mW, (Bexperimental) is a single lobe with faint
structure, half width of 8 um, and offset of -2 um from the
spontaneous. The calculated pattem (B-theory) has a half
width of 3.8 um and displacement of -3.6 um. The detail
at the bottom of the figure locates the positions of the gain
steps.

The corresponding beam profiles are shown in Fig. 4. The
solid curve is measured at 52 mA and wavelength of 8192 A
with resolution of 0.4 A. It is a single lobe with weak minor
structure, half width of 7°, and peak at -6° from the normal
to the facet. The theoretical curve (broken line) is similar but
with glightly less structure, and has the same half width and
offset.

The agreement between model calculstion and observation
(in particular of the beam profiles, where the instrumentation
has selected a pure mode rather than the average over all §
modes in the entire spectrum which is recorded for the near
field) gives enough credence to the model to warrant analysis
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of the theoretical patterns of different S modes. Fig S shows
the three Jowes:, with detail (2) the facet illumination and (b)
the beam profiles. One striking feature is the stmilarity of the
shapes, especially in the beam profiles, all the profiles are
dominated by a single lobe, with half width varying from 6.5°
for the lowest mode to 4° for § = 3. Also the near fields of §
= | and 1 are nearly identical, and only by S = 3 is pronounced
structure appearing. Another interesting feature of both sets
of patterns is the direction of the displacement, which changes
sign between successive modes, in the figure. 0odd modes are
displaced to the right, even to the left. The calculated modal
dispersions are A),; = -0.9 A and &)y, =-2.5 A Fora box
mode in 2 waveguide of width 14 um (the value of W, in Table
1) the corresponding values would be -0.75 and - 1.3 A [12).
In our model we find that the wavelength and the near- and
far-field patterns of esch mode are functions of the dielectric
profile. It has been found experimentally that the gain pro-
file above threshold i & function of drive current (2], (3].
Hence, the parameters of Table | will change with current and
30 the frequencies and patterns will change with output power.
Such s power dependence experimentally found ts illustrated
in Fig. 6. Detail (a) shows a high resolution (0.15 A) spectrum
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of the beam collected by a large aperture aspheric lens for
total power ranging from 3 to 6 mW (the power under the
dashed line for SO mA is about 0.2 mW). Notice the shift with
current of the wavelength of the mode with no evidence of
excitation of other lateral modes until 65 mA. A cunous fea-
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ture not predicted by the model tn its present sophisticauon is
the wide line, about 0.5 A

Fig. 6(b) pves the comresponding lateral profiles. The as-
phenc lens has been replaced wath a cylindncal one, the slit
widened to a resolution of 0.4 A, and the spectrometer tuned
to maximum signal at each current. Notice the nearly perfect
repettion of the shape (the curve for 65 mA duplicates that
for 60 mA except for an extra shift of 2° and slight change in
power). The one obvious change with current is in the pos-
uon of the peak, which seems to shift monotonucally from -2°
at 48 mA 10 -9° at 65

Expenmental features of the many stripe lasers with asym-
metncal beams that we have studied are the shift of wave-
length and field profiles with current and the broad spectral
lines Beam and spectral shifts with current can be ted to
the current dependence of the dielectnic profile. Although
1t 18 concervable that the linewidth is 3 measure of the change
in current dunng the 10 ns sampling gate. the required shift
dunng the sampling penod seems excessive to account for the
broad lines. Moreove:, the same linewidth 13 observed under
CW operauon

IV. Discussion

In our step model, important asymmetry in the radiation
occurs only when there is appreciabie defocumng by the index
profile. Modes with ny > n, n, produce very litte asym
metry. Only with 2 large negative step in index plus gain
paiding &id we find asymmetnes of the size observed. The
value used in the calculation dn = -4 X [0’ seems to be
compatbie with our present understanding of the perturbe
Gon 10 the index accompanying npction of enough free car-
ners 1o gve the required local gain of 300 em™*

Because of the near cancellation of gun guiding by index
antiguding, both of which change with imection level, the
Propagation is quite sensitive to change in gan, which makes
the propagation constant 3 function of current (or power)
This rubbery nature of the cavity may be the cause of the large
changes with current of the modal wavelengths and the non-
monotonic current dependence of modal power shown in
Fig 6

It 18 difficult to decide the efficacy of repiacing the actual
dieiectnc and gaun distribution in the laser with the step ap-
proximation. When the step J 18 centered in the guide, re-
moving the asymmetry, the modal pstterns become similar
to HG modes, which seems to speak for the utility of the
model. A possible cause of the asymmetnes introduced in Fig
2 18 the imperfections in the stripe contact. Possible sources of
contact asymmetry are shadowing i opening the window
through the oxide layer or in deposition of the metal. While
we have modeled the distortion as s fixed displacement of the
extrema of both gain and index. it seems probabie that dis-
placement of one relative 10 the other would serve a3 well.

417

The latter has the attractuve feature that the distortion need
not affect the current distribution, agreeing with our observs-
uon of s quite symmetric spontaneous pattem on the facet
accompanying strongly distorted coherent patterns.

In conciusion we have shown with a specific example that an
asymmetnc step waveguide can produce the rype of distorted
patierns observed tn many stnpe lasers; that for it the depen-
dence of pattern shape on mode number is so weak that the
modal content cannot be readily estimated from the beam pro-
file. and that when index defocumng is comparable with gain
guiding, the propagation constant becomes very senmtive to
changes in gain.
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A Rigorous Boundary Value Solution for the Lateral
Modes of Stripe Geometry Injection Lasers

JEROME K. BUTLER, MEMBEK, 1EEE, AND JOSEPH B DELANEY

Abstract - A mev mathematical model weefu! (or analyzing lateral
modes of stnpe geometry lasers is presented. The oxide stnpe laser &
modeled a3 3 three-dayer waveguide ia which the dislectrc comastant of
the active layer vanes oaly along the lateral direction: the dislectric

»ot

much a3 30 percent different from results calculsted
imear combmations of H-G feactions.) Ia addition, the pesk
flelds are threshold for vanows waveguide

INTRODUCTION

charactenstics of stnipe geometry injection

lasers are presented here  The theoreticai model de.
veloped allows for a ngorous treatment of both lateral (along
the junction plane) and vertical modes of the oxade stripe in-
yection lasers Early work focused on a mode! which treated
the active region as a light guiding structure with a smooth
continuous deelectric vanation along the transverse directions
as opposed to abrupt index steps In particular. the assumed
dielectne vanation along the lateral (x direction) and the
vertical (v direction) was parabolic of the form ex, v)=
€olax’® + by?) [1]  The accuracy of this description s not
unreasonabie since 1t was apphed to modeling homoyunction
lasers However, the model 1s not applicable to heterojunction
devices where the grown active layer, generally very thin for
contemporary CW lasers, is sandwiched between two passive
layers with smaller dielectric constants [2] A more accurate
description of the active layer 13 one with a refractive index
which s constant along the vertical direction but varies
parabolically along the lateral dimension (3], [4] This di-
electric description is reasonable smnce carmer inversion is
uniform along the vertical dimension, whereas the mnversion
s not uniform along the lateral dimension due to current
spreading from the stripe contact
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work was supported by the US Army Research Office
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Standard techmiques for solving boundary value problems
do not readily apply to the geometry of the regions in the
vicinity of the active layer. Consequently, previous analyses
of the lateral mode structure of contemporary CW stnipe
geometry devices have been approximate In particula:r. the
dielectric constant of the active layer vanes along the lateral
dimension while the dielectnic constant of the bounding p- and
n-AlGaAs layers 15 homogeneous. For parabolic index vana-
tions 1n the active layer, the solution of the wave equation
yields Hermite-Gaussian (H-G) functions. On the other hand,
solutions of the wave equation in the layers bounding the
active regions are not H-G functions. Appropnate field quan-
tities cannot be matched at the boundanes. The method used
here incorporates a technique developed previously [S] The
solution of the wave equation in the active layer i1s written as
a linear combunation of H-G functions whereas, in the bound-
ing passive regions, the solution of the wave equation 15 writ-
ten as a linear combination of plane waves Using boundary
conditions at the heterojunctions, an eigenequation is devel-
oped whose solution gives the appropriate modal propagation
constants The normal modes of the laser structure are lincar
combinations of H-G functions with weighting coefficients
dependent upon the specifics of the geometry  The theory s
developed 10 the extent that complex dielectnic constants can
be used in the model This means that structures which have
either lateral index or gain guiding properties can be analyzed

An understanding of lateral mode stability of stnpe geom-
etry lasers has led to interest in accurate modeling of the lat-
eral index profile and of lateral mode charactenstics Lateral
mode perturbation due to nonparabolicity of the gain profile
was also treated by expanding the fundamental mode in a
senes of H-G functions [6] A complete model for the lateral
mode charactenstics would then include these perturbed
solutions due to aberrations of the parabolic gain profile
properly matched at the boundanes as we have discussed
However, in this paper we address ourselves solely to the
effects on lateral modes of matching solutions at the bound-
aries and illustrate these effects using a parabolic dielectnc
model

Tueory

Due to the nature of the geometrical structure of stripe
geometry injection lasers, it is difficult to formulate a simple
eigenvalue problem accurately characterizing the modes. As
mentioned previously, the eigenmodes of stripe geometry
lasers can be described as linear combinations of H<G func-
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tions obtained from a solution of Maxwell's equations. The
fieid equations are reduced 10 an approxumate form which
describes the waveguide modes having electnc fields polanzed
either along x or v as shown in Fig | The fieids wath x and »
polarizations are defined by the sets of modes (Fi. ) and
Elmi. respectively (7]  Since most mnjection lasers have
fields polanzed predomunantly along x (8], we [mut our
discusmion 10 the F'* modes Assuming mode propagation has
the form exp (1w? - yz) where y= -G/2 + . the fieid equa-
tons become (the superscript x i dropped)

E,=*¥ix. v
E,=0

)

(2)

1 ’
&, '; (3

- K€

¥y

. — — 4
% Ykene axdy -

i k’ a! \‘
- — $)
By e ( =) ;
v
Byo-— = (6)
kone 3

where ko s the free space wivenumber, ne = 120 = (3. and
x(x, v) 1 the relative dielectnc constant. The transverse wave.
function ¥ satisfies

Tivs(kju+y)weQ

In the wicinuty of the active region, the waveguide geometry
has a form illustrated by Fig. 2. In the active layer, isteral
field confinement is due to the following:

1) the nonuniform distridbution of the index of refraction.
and

1) the nonuniform distribution of the gain/losses (9] [10]

A resson that makes deterrunation of the main source of
lateral confinement difficult is the fact that the optical gain/
loss coefficient and the index of refraction are inextricably
relsted. On the other hand, the source of optical confinement
along the vertical v direction can be eamily determined. The
large refractive index discontinuities at the heterojunctions
which bound the active layer are aimost solely responsible for
both optical and carmer confinement 10 the active layer

To formulate the laser modes the waveguide will be charac
terized a3 follows. The two horizontal passive layers 4 and C
have complex dielectric constants which are position inde.

()
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pendent. The refractive index of these layers is determined by
the lasing wavelength and aluminum concentration. the bulk
absorption coefficient is positive. The active layer B is assumed
to have a compiex dieiectnc constant which is dependent
only on the lateral x direction.

In the following mathemaucal formulation we assume that
the diejectnc constant i symmetnical sbout x = 0. In the
active layer the wave equation has the form

Vv [Kax)+ Y ¥, =0 (8)

and x(x) 13 the compiex dielectnc constant of the active layer
which has only lateral vanations. In the active laver, the
solution to (8) can be obtained by separation of vanables; we
write a typical solution of the form

Walx, ¥)® yu(x) oply)
where the vertical function ¢, 18
(y) = cosqy
The isteral fieid function satisfies

9)

(10)

£y
&3
As is well known, there exist two sets of vertical modes ¢y ( »)
where (10) 1 the solution of even modes about y = 0. The
modes can have discrete ¢ values representing trapped modes
or it can take on a range of continuous ¢ vaives, radiation
modes along the v direction. The number of trapped vertical
modes is dependent upon the cavity width 4 and the index
steps between the active region and neighboring regions 4 and
C |8). Contemporary CW injection lasers have narrow active
layers, d ~0.1-03 um, and moderate index steps. These
structures generally support only the fundameniai trapped
mode. Consequently, we limit our discussion here to only
the fundamental vertical mode.
We now consider the solutions of (1 1) which give the isteral
mode character. It should be noted that (11) has a ome-
dimenstional form mmilar to typical slab waveguides. For
example. the quantity v’ - ¢° can be interpreted as & one-
dimensional etgenvalue
The solution for ¥,(x) can be effected once the value of
x(x) 1s specified. In terms of the bulk parameters. #(x) the
local refractive index and a(x)/g(x) the local absorption/gamn
coefficient, the dielectric constant can be approximated as

x(x) =nd(x) - ia(x)m(x)Vke

¢ k3ax)-g ¥ ) ¥p=0 (1)

12)
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In the case of negative absorption or gain, we wnte simply
a(x)= -g(x). In Fig 3 we illustrate two index. absorption
gain profiles In Fig 3(a), the index gain has a parabolic pro-
file while in (b) the optical parameters are shown to have step
changes  Before we discuss the details of a specific structure.
we note that the lateral modes obtained from the parabolic
index mode! are only discrete. trapped modes whereas the
step index model has a set of trapped as well as radiation
modes  In our discussion, only the trapped modes will be
used. and for the sake of convenience we consider the para
bolic index piofile.  Therefore, the dielectnic constant in the
active layer 13

K(x)=x, - kja'x? (13)

where x, 15 the complex dielectric at x =0 From (12). one
gets

Ko = n*(0)+ ig(OM(0V (ke 10%)
Using the parameters no = n(0), gc = 10 8n bg. and x, we
have

@ = (ngbnsingdgiky 10°V(koxo)

where x, 15 in um, k, has dimensions um”
The wave equation becomes

£ 8garcincm”

3

% G TPRE AR
The solution of (14) ywelds the standard H-G wavefunctions
Howeve:, if we take a single H-G function, then the boundary
conditions at the heterojunction interfaces cannot be met |t
1s therefore necessary to define a mode as one being a linear
combination of H-G functions. The solution has the form
(the b subscript on ¥(x) and &(x) 1s temporarily dropped for
notational convensence )

a’kix?|y, =0 (14)

Valx.v) = T A8 v )vy(x)

iso

(15)

where

&(v)=cosquv

(16a)

509
VAX"”I(\':k,x)exp(> ;kﬁx’) (16b)

In (16b) H; 1s the Hermute polynomual, and ¢, satisfies
kino + v =qf +kja(2l+ 1) (17)

The lateral modes can be divided into two sets depending upon
whether the fields are even or odd about x = 0. For even fields
the index /=0, 2.4 - whereas the odd fields have /=] 3,

8. We limit our discussion here only 1o the even fields
since primary interest will be focused on the fundamental
wavegwide mode.

A transverse mode is of course defined by a given propa-
gauon constant 7. Therefore Wy (x, v) in (15) gives the trans-
verse modal field distribution with the total field solution
being

Volx, vie ¥ 2 e Y A,0,(x) dyix)
=0

We sec that the nght-hand side of (17) must be independent
of the index / Even though g, the vertical “wavenumber™
varies with [, the vertical v dependence in (15) defines a
specific waveguide mode which in our case 15 the fundamen-
tal vertical mode This particular aspect of the problem will
be better understood as we develop the total transverse mode
eigenvalue solutions

For the sake of umplicity, we conmder a symmetric wave-
guide structure along the vertical so that W (x. v) =WV (x -v)
(double heterostructure GaAs-AlGaAs lasers are generally
fabricated with equal amounts of aluminum in the p- and
n-walls sandwiching the active layer) Outside the active laver,
the wavefunction

(18)

25 d
Volx v)= [ B(x) cos xx exp [(: - _v)(x’ -k
Iy 2

Sy )3 dy
which i1s symmetrnic aboutx = 0
To determine B(x) and the propagation constant 9., it is neces-

sary to apply the appropnate boundary conditions at the
heterojunctions Therefore at y =d/2

(19)

- d o
p 4!‘:(:)*1(1’)"[ B(x) cos xx dx (20)
1"0.3, - -
From the inverse Founer transform B(y) is
2 d\ -
B> T Aw|3) i) QN
' -
where we have defined the transform pair
;p(xl'J Vilx) cos xx dx (22a)
°
h(n-if ;,(xlcosxxdx (22b)
o
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Matchung the field dervatives pves

-

b oy A,.p\':, vilx) = - ’ Ax)ui = k: & 71)![!
e

cos yx dy. (23)

The term
Jd
o (2)+ @wirhmen

Using the orthogonality relation

ko ( ix)wixide = NSy, (24)

¢
where 4, 1 the Kronecker delta and

[e\ T

'\‘!.(_x :A—A!- (sg’

we get the following relation
A= Z Qi Ay (26)

The matnx elements

: *(3) ",
nn"; 72 v
Nreil 3 )
0F - k&~ ¥V 00 dx (27

The propagation constant y i3 now determined from (26)
The nontrivial solution is grven as roots of the equation

det (£-Q)=0 (28)

where £ i the unit matnx. Note that the matnces £ and
have infinite order Consequently. it 13 impossibie to find the
eigenvalues Y by standard techniques. One approach i to
assume a | X | matuix and determune vy from the resuiting
transcendental equation. Next expand £ and Q to 2 X 2, et
The resulting sequence of y values thus forms a Cauchy s
quence. If the sequence spproaches » limiting value as the
matrix orders incresse then the sequence converges. In Table
| we show the fundamental mode v values for different matrix
orders. Note aiso the expansion coefficients Ay, Ay, A
can be caicuiated after the appropriate eigenvaiues are found.

For the sake of compieteness, 3t thi point we reconsider the
various modes mvolved in this formulation. Different lateral
modes are found from solutions of (28). For exampie, for a
I X | matrix there will be oniy one eigenvaive. the one ap-
proximating the fundamental mode, whiie for a 2 X 2 matrix,
there exist two ewenvaiues, those of the fundamentai and
firstorder modes As the matrix orders increase. the com-
plete set of lateral modes 1s caiculated. The vertical modes
can be found from (28) by judicious choices of ¢ To under.
stand this, consider first the ampie | X | equation with H-G
functions

TABLE |
2 - 000398 5.0
il 3 33e20n ®
2 -5 0004 1Y 0 L L
. SR PP Y ) ¢ < 0L
> = 000411 1.0 .oy ©.0011)
= B PR ° BT ) - 000y
y 0. 00001 ) s 033 ©.00413 ~dwit
- PR ¢ 5 oudy < 00013 wait
is 0w .‘-!--.' &, °0 *23
L 2 [T
ol Ceilw
be o -5 200 n.-o.°l-"
' Resl part, imaginery part
i\ H
o X X
wm-¢~x)"" -\ H,(;w exp (- 3 (29)

so that

d
- cos (40:)
Qoo * —=7 f:(x’-ki-v’)"’
Qo

(e
exp <- %l)dx (30)

In the lmiting case @ = 0 (no curvature),

d
(-yF - k3 .

q d
y un (90 :)

The resuiting eigenequation (oo = | i1 identical to that of
the threedaver siab waveguide where po = (- - &)V and
P *qi =ki(x, - x,) Consequently, vertical modes found
from (31) can be charactenized by different g, vaiues found
from po = Qo 1an (¢pd/2). Theg,(i= 2.4, ) values used in
(28) are very close 10 go when ¢ 13 small (typical stripe laser
structures). From (17) we find g/ = ¢} * 2ie

Qoo — (31

NUMERICAL SOLUTIONS

Several numencal solutions pertaining to contemporary
stripe geometry lasers will be presented now. In particular we
will study the convergence of the eigenvalues pertaining 10 the
fundamental waveguide mode and fundamental mode spot
sizes as a function of device geometry

As mentioned previously, the solution of the sigenvalue
equstion (J8) cannot be obtained using matrices of wnfinite
order. Therefore, to determine the trend of the fundamental
mode field solutions we first assume that the matrix orders of
E and Q are | X | and increase their orders up to 4 X 4 and
observe convergence of fields and their eigenvalues. The
specific parameters used in our model defining the paraboliic
dielectric constant are given in Tabie [. in the table, we show
the values of the normalized propagation comstant for the
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Fg 4 The averal Neld proflles of the fund tal waveguide mode
for different expanson orders (| pertaim o the one componen!
case while O, 1 for the four componen! case  Table | gives the ex
panuon coefficients with the wavegusde parametert

vanous orders and the expanuon coeflicients A; where 1t
arbitrarily assumed that A, = | « 0 for all cases Note that
for the four component case the magnitude of the coefficients
decreases rapidly which means that the structure in repion B
has an x dependence of the form of a2 Gausuan funcuon
These expanmon coefficients are strongly dependent upon
geometnical parameters such as the cavity width & and dielec:
tne steps The rate of convergence of the A,y slows a3 d de
creases  This means that for thin cavities high percentages of
highorder H-G functions are present in the fundamental cav.
ity mode It should be noted that the value of y changes
with matnix order. however the difference defween succes
uve values decreases with orde:  In general it 1 found that
the single component case 13 reasonably accurate for struc
tures which have large d values or when the optical field
energy 18 confined to the active repon §

The lateral field distnbution of the fundamental waveguide
mode 13 shown in Fig 4 Curve C, represents the lateral fHield
profile when the matrix order 13 | X | (one component ) while
C, pertains 10 the matrix of order 4 X & (four component) It
15 important to note that the curves C, and C, are almost
identical which implies that the ewgenvaiues and fields are
converping rapidly with respect to matrix order It 1 seen
that the effect of the high-order terms of the field expanwon
13 10 increase the lateral distribution of the field or 10 increase
the field spot size Phymcally . the spot size increase results
from the optical field in region B leaking enerpy mnto the
surrounding layers 4 and C  This lateral spreading effect is
due to the fact that there s no mechanism to laterally confine
the waveguide modes in regions A and C_ lateral confinement
18 due solely 10 the graded dielectric constant in the active
laye: 8

We next turn our attention to calculations of the lateral spot
sizes at halfpower as 3 function of the gain distribution param.
eter Jx, In these caiculations we define x, as the point
where lateral gain s zero. 12 . 8¢ = go  The value of g, will be
appropriately adjusted so that the modal gain G = 2Real
(y)* S0 em™ which accounts for radiation end losses  This
value approximates the end losses of a laser of length [ = 240
um In the vanious curves obtained from numerical calcula-
tions, we assume that the index of refraction at a given point

along the lateral direction is a function of the gain or carner
inversion at that pomnt. When the value én 15 negative, the
index of refraction provides an anuguiding effect, while if én
s positive, the refractive index provides a guiding effect. In
these calculations we assume the relation

R =8n/bgp cm (32)

where the paramete:r R represents the effect of the gain on
the index. When R = 0, the index has no curvature  Assume
for exampie 8g = 100 cm™ and R = 10™ cm then én = 0.00!
In Figs & and 6 we show the total width of the fundamental
mode at halfpower as & function of the gain width 2xg for
index steps ng - m, = 0.1 (Fig. S) and 0.2 (Fig. 6). 1n (a), the
total cavity thuickness 18 0.2 um while 1n (b) the wadth 15 0!
um
Using the single H-G function to describe the fundamental
mode, the spot size H 1s given by |3)
20n )7 .

8= W (33)

where ™ 13 the vertical field confinement factor and

(Mool

olo

Real (2R <1107 ko )V* . (34)

¢, " Real (a) =

The peak gain g s pven by
o ¢ Bkoxin G107 ¢ L E=r

—_—
a,

35
Shoxing 107 r y

Ko

The term (1 - Ma, /T m (35) represents loss in the p- and
n-regions adjacent 1o the active layer whena, *a, [13]

As an example, take d* 02 um, 2xg = 10 um 2 =09 um,
GeS0cem™ a,*a, *20cm™ mg=36 . n,*n =34 and
R =0 The confinement factor I' = 0.6 30 that (33) pves B =
736 um  From our more exact model we find a spot uze of
£ 02 um. an & percent difference In general we find that the
computed spot uze usng our model differs from the approxi-
mate B by as much as 30 percent We show in Fig 6 (dashed
curves) the approximate beam size B found from (33) The
relative comparisons between the approximate curves and the
numencal ones are similar for other & values and index steps

The active peak gain go 15 shown in Figs 7 and & We note
again that g, 1 choses such that the modal gain 1 SO cm™
to account for end Josses  The two sets of curves are for
d=0) and 02 um. the required gain for each set starts to
increase for Jx, values beijow ~10 um Finally, we show in
Fig 9 the peak gain g, 8 a function of cavity thickness D for
a given gain repion thickness Jx,

ConcrLusion

A new mathematical mode] describing the waveguide modes
of the stripe peometry mnjection laser has been presented
Previous models used 10 describe these lasers have not given
sufficient detail to the interaction between the vertical and
lateral fields and to the nature of the boundary between the
active laver and the passive p- and n-AlGaAs walls. The mode!
presented here was applied to structures with dielectnc step
variations in the vertical direction and with parabolic varia-
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tons of the dielectric constant along the lateral direction.
lateral vanations were limited to the active laver Although we
described the mode structure of the isteral parsbolik varying
dislectric. the modei can be used 1o analyze arditrary dielectric
vanations

To understand the nature of the field solutions umng an
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spproximate technique with limited expanmon cosfficients,
we have shown how the eigenvalues and fundamental mode
field functions behsve umng 4 sngle COMPOnNENt EXPanNROn
and then ncreamng the numbe: of expanmon coefficients up
to four

Fundamentai mode field intensity spot uzes were calculated
for different cavity coanfigurstions. ln particular we have fo-
cused our antention on the lateral fieid spot mzes as 2 function
of the sctive repon gain wadth. Ths wadth can of course be
msocisted with current! spreading from the stripe contact pro-
vided the complete geometrical picture, Fig. 1, is known [11],
[12)  For exampie, current spreading from the metallic stripe
contact is » function of the remstivities and thicknesses of the
vanous layens below the contact. From Fig. S, we see that the
fundamental mode spot mee 1t & function of the gain repon
width 2x,. the sctive layer thickness. and the parameter R
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The mode gase C * S0 cm ' The two sets of curves are for the index
eprng m >0l end 02

which ey the index vanations of the active repon to the gamn
We note that ressonable perturbations of the index with gain
do not appreciably affect the fundamental mode spo! size.
howeve: we ‘o note that the spot sze will be larger for an
antiander guding mode & opposed 10 an index guwded one
Perhaps one peculianty we found » the fact that the spot size
becomes lew. senmtive with R as the active laver thickness de-
creases  Tae reason for thas occurance s due to the fact that
the gan becomes more sensitive with respect to R for the thun
active lavers  As the gain increases. the gan puiding effect on
the fundamental mode becomes more pronounced and thus
acts a8 3 strong confinng mechanism
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LATERAL MODE CONTROL IN STRIPE CONTACT
INJECTION LASERS®

Jerome K. Butler anc Joseph B. Delaney
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ABTTRALT

Injection lasers having nonlinearities or
“uinks” tn thetir P (power-current ) Curves are
due primarily to latera! mode hoPping and wave-
guide shifting with current. This paper 13 aimed
al the fabricatior of linear devices with due
constderations of waveguide destgn for lateral
mode statility.  We mode! & hetervstructure laser
and calculate a lateral dlelectric discontinuitly
based on the gain/loss profile of the active
layer and the overal! geometry. This disconti-
ruity serves as a figure of mertt for latera!
mode $tab!lity  We compare two important double-
neterostructure lasers. (1) the oxide-stripe

try, and (2] the channeled subdstrate planar
(CSP). Calculations show that (57 devices have
strong lateral Index confinement, whereas, the
oride-stripe lasers have 2 lateral gain confine-
ment dependent upon drive.

INTRODUCT 1ON

The analysis of the laters] modes of stripe
geometry lasers i3 complicated by the ‘requently
uncertain dielectric proffle in the junction
plane. Current interest centers on stryctures
that produce fundamenta) latera’ mode operation
over as wide a power emistion range as possible.
we compare two types of planar stripe laser struc
tures with the objective of determining the
structural requirements for fundamental lateral
mode operation. We analyze the oxide-de’ined
stripe geometry configuration (1.,2) and the
channe led-substrate planar laser (1) In both
cases, we deal with structures where the degree
of radiation spread from the active region into
the vertical regions of the device is controlled
Because there are regions of varying loss the pro-
pagation constants for the lateral modes differ.
1t §s possidble to produce substantia’ differences
betweer the fundamental and the higher order lat-
eral modes «- a condition favorable for main-
taining fundamenta! mode operation under certain
conditions discussed in this paper.

*Supported in part by the U. §. Army Research
0ffice.

X

The theory s developed to the extent that
sensitivity of laters] modes to stripe width 15
anowr Once ar effective Clelectric sted n the
norizonta) direction 1s calculated. Thiy di-
electric step 15 & consequence of basic five-layer
waveguide considerations and ts dependent upor de-
vice geometry anc pertinent material parameters.
Cuto?? conditions for the fundamental and higher
order modes are derivec as & function of the lat-
ers) dielectric step and stripe width. Earlier
work relatec fundamenta! mode operation 1o wave-
guide widtr only for the strip-loadec wave-
guide (4).

WAVEGUIDE CHARACTERISTICS

The detatled geometry 0f the oxide stripe
structyre '3 shown in Fig. 1(a), regions denoted
by unprimed numbers lie benesth the metallic
stripe while primec regions !ie beneath the oxide.
The fields are confined verticelly to regton & due
to the refractive inder barriers produced by the
two heterojunctions at the 3-4 and &-% region
boundaries Lateral confinement 10 the region be-
Tow the metallic contact 15 due to the variations
in the compier dielectric constant, which 15 re-
lated tc the gatn and losses of the active layer.
We assume current spreading under the stripe con-
tact i3 negligible and as @ first order approxi-
mation assume the Gain in region & and the absorp-
tion coeffictent in region &' are constants.

Since the indes of the t:tive region 15 compiicated
by anamalous dispersion, thermal and free carrier
effecti (5 the actual refractive inder step may de
positive or negative. The geometry of the (SF
laser 13 showr in n?. 1(b). Analysis of this de-
vice proceeds along lines similar to that of the
oxide stripe laser.

In Fig. 1 the dashed lines represent bound-
arfes in the latera) direction which separate re-
gions having different complies dielectric con-
stants. 1n some waveguiding structures (6) these
lateral boundaries are not real but are referred
to as Dseudo because modes are confined when 2
pseudo- index step arising from ¢ifferent propage-
tion constants on either side of the boundary be-
comes positive. The lateral boundaries here are
not pseudo since there 1s & real gatn/loss profile
in the active layer that provides 2 guiding mech-
anism ever ¢ the lateral inder step 15 negative
and anti-index guiding occurs. Assuming & mode
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form explttev2), where ' » -&/0 « 1§, the even
node solutions are

.

. .
cos( .‘n)ctm “y

< (regton &)

Wiy * &

e | s a

— cos(h xlcos(n_ jexp(n (% ~y))

Yy Gy s Yt Tals
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where = and y directions are along the vertical anc
laters! directions respectiively. The propagation
constants are related to the complex dielectric by

. : = .
At et e b, oy (2
‘s s

2 2 4 4

" o o k%, ¢ (3)
e ¥y W9

wheTe <4 AN <y are the compies dlelectric Cone
stanty of regions & anc 4. Metcning ‘lelds at the
boundary yieles

tani» g . _‘_ —L '
e e L]
'3
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e * H‘ . .b; 75\
7‘ Ys °

where L, 3 the free $paCe wave numder. [n Eg. ()
the complies dlelectric step L s written as

.‘.'.‘."h‘."(‘~:‘. €

To faciiitate machine calculations we norwalize the
latera] wave numbers anc active reglon width,

AL TN (7)

Cuto? for 4 particular Tatera’! mode occurs when
Reali(ng | =0, ‘e, the mode i35 not jorfined %o
the active vegion. WIth My o M¢ ¢ 1N, and setting
g * 0 we 201N 4 set of equations :nvo\vmg b
and the compler dlelectric step. The solution of
these generaiized equations are showm in Fig. 2.
The ordinate 1s S8° 1/7 and the abscissa is
A'/8%. &' 13 related to the effective laters)
inder step. 1t s positive for index guiding and
negative for anti-index guiding. L° fs propor-
tional 0 the etfective jain and iosses of the ac-
tive layer. The fact that the ordinate contains
LT tmplies that for 4 given 5. the gatn of the
Klive region can be made large enough to make any
mode Provagate. ode seiection s solely due 0
the cavity J. those modes requiring the smallest
gatn from the active regior are excited.

Moo o

CIELECTRIC STEPS

To deterwine the Ctelectric discontinuity we
calculate the complex propagation comstant y using
the fiveslayer 3lab mode! (7) with materia) jdenti-
cal to that of regtons 1-5. Next, v' s computec
using regions 1'-5°. The effective compiex
refractive indices are

e
LA :"“' . ~ty/k, (Ba)
A,.* t”z . -ty/k (8d)
® < .

anc the cdlelectric step 13

- -
L (v** « \‘,/l; 8

Figure 1(a) shows the “ive-layer slat mode! of
the oxide stripe geometry device along with
representative Darameters. Fig. 1/0) acaps the
mode’ 0 & channelec substirate anc the Daremeters
therein are seiected to closely resemdle those usec
by Atk et al.(B). The adsore \,gn coef?icient a,
anc index of refraction n, * x}/¢ are Included
for the 1% regions. Only the roots of the lowest
mode Derpenciiular to the lunction dlane are
selected, and the Jain in the unprimed region is
ediystec ynt!! the wave travels with 2 woda! gain
G * X /o= which accounts for ~aciation cavity-
enc losses

For stripe geometry lasers, . /L" 15 negative
whnile 1t 15 positive for (SP lasers. Before ¢'s-
Custsing the'r actua’ values we “irst show the
active region gain, g,., "eouirec for the lasers
as o function of 3. ng, 3 shows Gy for the
stripe geometry. For ¢ o 2.0 um the gain of the
funcamenta’ mode ‘ncreases Tapidly ‘or s < £ e
whereas the gairn ‘or the seconc mode Increases ‘or
s « 10 um. This tmplies an optimum 5 vaive les
between S5 anc 10 um. When ¢ * 0.5 um, Gen values
are higher decause 11ght Teaks fnto the p-Geds cap
Nevertheless, doth sets of curves exhidit similyr
character. Hg. 4 shows Gen for the (57 lager.
Note that ges fOr the ‘uncamenta! mode has scft
dependence or t detween 0.1 enc 0.& um. However,
for the second mede g;h rises *adiply for s < 10um
e t » 0.8 m. For ‘avoradie single mode opera-
tion we concluce that for t ¢« 0.3 um, s < S um
whije for t « 0.8 um, ¢ < & m,

For all structures the gain curves show thet
‘undements! mode operstion slways Occurs because
128 gatn i3 smallest. However, actual devices
with large s values operste in high-order modes.
This occurs because gain profile deformations
cause switchings of mode Dreference. These insta-
il421es are ‘reguently observed in stripe lasers
an¢ to 2 lesser degree in (SP devices. The pro-
minant regson ‘or instadilities s the ‘act that
stripe geometry lasers have 9atn Juided modes
inflvenced by gain profile deformations. These
anti-index guided modes have negative 2'/:°
valves. Evern though the actual refractive indes
0f the active layer it assumed constant, the
effective index step s tive because 0f mode
interactions with the metallic and oxide contacts.
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In Fig. 2 we plot the locus of points on the

cutoff curves. For a given s, the value of S2°1/7
and 1'/2" arve calculated. Stripe lasers have
negdative ' /2" values while CSP lasers have posi-
tive ones. the amout of index guiding s propor-
tional to 27/, When devices have large positive
¢lelectric step ratios, thetr modes are ‘nsensi-
tive to gatn profile deformations while devices
with negative ratios have unstadie modes.

Contours representing the different stryctures

were Computed for the fundaments' mode gein. High.
order mode contours would follow those of the
fundamenta’l at lerge ordinate values dut as s = 0
the contours approach different !imiting points;
‘or gaemole, the second mode terminates on

VR a1 78 ane 42T« 0. Note that for the

$tripe geometry device with ¢ « 0.5 um, the fun.
damenta) mode CONtOur Crosses the second order
mOde Cutoff at s ¢ 8§ =, dDelow this 3 value the
second mode does not exist 2t fundamental mode gain
values. On the other hand, the CSP with ¢t & 0.3 um
crosses the second mode cutoff at s v 2.5 um. A
Targe s values, second order modes exist at ‘unde-
mental mode thresholc gains. The gatn Curves show
that the funcamenta) mode shoulc always De excited
over the high-order ones. Mode hopping s @
consequence of gain profile deformations and 1t
ef%ect on mode profiies. (57 lasers have latera!
inder guiding as reflected in positive L' /2" values,
anc are stadble decause thev are rather ‘ngensitive
%0 gair deformetions
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The Effect of Device Geometry on Lateral Mode
Content of Stripe Geometry Lasers

JOSEPH B DELANEY anp JEROME K BUTLER, SENIOR MEMBER Vi)

ddstrect - The dielectne profile of stnpe geometry inection lasen »
modeled with an obmctive of structure design requirements (o (unda
I lateral mode op . Heterastructure lasen are modeled
with 3 declectnc step profile umng an effective decdectne ducontinuity
based on the gainlom profile of the active fayer as well 83 the overall
grometncal structure. The analyws provides 3 Quan P
of the performance of two imporant double-heterustructure lasens
1) the axsde-atnipe geometry laser and 2) the channeled - substrate planar
(CSP) laser. Modes of axsde- stripe lasers have lateral gain conflinement,
whereas, modes of CSP devices have stromg | | index finement
To msotate the influence of grometrs on the effective dimlectne profibe
we assume that the real refractive index of the sctive layer 1 position
independ Resulong calculations show that 4 stripe geometry laser
inherenth has 3 depressed effectivwe index i the active tepon below
the M 1. Ths ph slone prod inderx ant
gusding.  In actual devices, both geometry and (ree carmer inpction
nto the active regron produce lateral indes antigusding,.
Lateral mode cut-off condiions are calculated as functions of the
effective complen daclectine step and the stnipe width.  The results
show that cutofl w related in 8 wnique (ashion 1o the Lo of the
real and imapnany parts of the complen dielectre step. the nPno
posstive for index gusded modes and negative for gain gusded ones.

INTRODUCTION

TH! transverse modes of contemporary  double-hetero
junction laser diodes can be analyvzed rather accurately
uung 2 threelayer dielectric structure  In particular, the near
and far fields can be cakulated from the known dielectnic
steps at the two heterounction boundares and the thickness
of the active repon (1] The analysis of the lereral modes of
laser diodes, however, 18 complicated by the uncertain die
clectnc profile in the yjunction plane of stnipe geometry devices
Current interest centers on structures that produce funda
mental lateral mode operation over as wide a power emission
range as possible

Previous analyses of the lateral modes of stripe geometry
lasers have been made by assuming vanous dielectnic profiles
[2]-18] The imaginary part of the dielectric constant was
tied to the gain loss profile while the real part was related to
the refractive index and its associated perturbations owing
to the competing influence of free carner inection Into the
active laver and temperature profile [S]  Recent expen:
mental measurements of the lateral far-field radiation patterns
of stripe geometry devices indicate that the local refractive
index of the active repon s depressed which implies that the
mode s strongly gain guided |7

Manuscript recetved December 4 1978 revised February 1 1979
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The authore are with the Departmen: of Flectrical Fngineering
Southern Methodit Univeruty Dallae TX 75278

In this paper the lateral gain‘loss profile of the active laver
1 modeled as a step while its refractive index s constant  An
effecuve diclectnic profile dependent upon the overall geom-
etry [9) 1s also modeled as a step  We present a comparative
analysis of two types of planar stripe geometry laser structures
with the objwctive of determuining the structure requirements
for fundamental lateral mode operation  We analyze the
oxide-defined stnipe geometry configuration and the channeled-
substrate planar (CSP) laser [9], [10]  The effective complex di-
electnc constant step in the actve laver 1 determined by
solving for the propagation constants in the transverse planes
through the contact and through the oxide Due 10 wave
interactions in the vertical regions under the contact and
onide. the eftfective dielectnc step 15 a strong function of the
overall geometry as well as gain losses tn the active laver By
assuming 3 uniform index of refraction in the active laver, we
solate the influence of dewice structure on fundamental
lateral mode operation  Calculations show that when the
active laver i peometncally ciose to the metallic stnpe con-
tact, the effective refractive index of the active laver i de-
pressed (n the region below the contact this alone contributes
to index antigmding

The theony 1 developed to the extent that dependence of
lateral mode operation on stripe width 15 known once an effec.
tive dielectne step in the active laver 1 calculated  Thas step
leads to a set of cut-off curves for the lateral modes as a func.
ton of stnpe wadth  Calculations indscate that all gamn guided
lateral modes are present under the stripe. though their modal
gains may be insufficient for oscillation  Earhier work related
fundamental mode operation 10 waveguide width only for the
stnpdoaded waveguide [11] Calculated far-field pattems for
narrow stnpe lasers reflect fundamental mode distortions
described by Asbeck eral |7

WaviGUIDE CHARACTERISTICS

The detasled peometry of the oxide stripe structure is shown
in Fig 1. which regons denoted by unpnmed numberns be
beneath the metallic stnipe while repons associated with the
pnmed numbers hie beneath the oxide. The fields are confined
vertically 1o regpon 4 due to the refractive index barmen pro-
duced by the two heterojunctions at the 3-4 and 4-5 region
boundanes. Lateral confinement to the repon below the
metallic contact is due 1o the vanations in the effective com-
plex diclectric constant. The mathematical model follows
from that first developed by Marcatihi [12] and focuses atten-
tion on the unshaded regions shown in Fig 2(a). The width
and thickness of region 4 are s and d.. respectively. The

0018.9197/79/0800.0750800.75 © 1979 |EEE
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Fg o Crom wctor of the active region of an mpechon aser  (a)
Marcatlh model D) step model of active laver latera gan lom
profile and (<) step model of refractive indas in the active laver

former 13 taken nomunally as the stripe wadth  For well-guided
modes. the field decays exponentially in repons 3§ and &
The power traveling in the shaded repons 11 neglipibie anc no
attempt s made to match the fieids along the edges of the
shaded areas

Current flowang into the active laver from the contact spreads
laterally wath distance from the contact so that the actual
“gan wmidth” may be different from the stripe contact wadth 5
The degree of current spread s determined by carner diffusion
and depends on the thicknesses and resistivities of the p-GaAs
“cap™ layer and the p-AlGaAs confining wall [13]-[16] Fig
2(d) indicates the step profile of the effective gain/absorption
and the effective index profile s illustrated in Fig 2(c) The
actual refractive index of the active repon s compucated by

anomalous dispersion. thermal. and freecarme: effects [S].

these effects are not included in our analvss unce we are
solating the mnfluence of overall dewice geometry on laser
performance In our model the effective dielectnc profile
s modified only by wave interaction with the active repon
gain and the overall geometricai structure.  For exampie, the
dielectne profiles of the stnipe contact and CSP issers are
affected dv the metal/oxide layer and the etched channels.
respectively

The opucal fields are divided into two sets of modes £ .
and £} . [12]  Since contemporary heterostructure lasers
have thun active repons (dy; ~ 0.1 to 0.3 um) and elecinc
fields polanzed predomunant!y along the lateral direction
[17] [» direcuon in Fig 2(a)], we need consider only the
£} ¢ modes Furthermore, we restnct discussion to even
modes with respect 1o x * 0 and v * 0. and assume 3 mode
of the form expliw? = yz), where v = -G /2 « (§ 15 the complex
propagation constant The £} , modes are determuned from
the field equations (the superscript v 1s dropped)

E,=0 (la)
o
E,» -:- 2 (1b)
- Z &
H'-—k.nov [kuo:’?][, (1¢c)
H
- @ El
H)’ - k.’h'.' Oxb\ “d‘
o i (1)
:
k.fh a-l'

wheretn ko 1 the {ree-space wavenumber, ng is the freespace
wave impedance, and « 15 the relative dieiectnic constant. £,
satisfies the wave equation

Tivelkin sy We0 )

where

Refernng again to Fig 2(a). the 3-4 and 4-5 lines represent
real vertical boundanes separating two distinct matenais.
These boundanes are of course heterojunctions, with builtn
mdex steps. 3o that light puiding results from a positive index
increment  The 4-4' dashed lines represent boundanes in the
lateral directuion which separate repons having different com-
plex dielectnc constants.  In some waveguiding structures
{18] these lateral boundanes are not real but are referred to
as “preudo” because modes are confined when the effective
refractive index step. as derived from the imagnary parts of
the complex propagation constants on either side of the
boundary, becomes positive. The lateral boundaries of Fig.
2(a) separate gain and loss regions in the active layer so that a
guiding mechansm © provided regardless of a positive or
negative effective index step at the boundary.

The importance of the lateral 4-4° boundary becomes ap-
parent after we deveiop the eigenequation pertaining to lateral
confinement. In repons 4 and 4’ the solutions of the wave
equation become

cos (hy x)con(n, v) (regon 4)
Ko
—_ hy - h (3)
wr v)® A, <« v "”“( - )

] e

vilw
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The constant &, 1s deternuned from normalization conditions
In the 1th regon, the propagation constants h,, and h,' are
related to the complex dielectnc constant &, by the equations

LAY Y TR & (42)

LHERE RS TR R o (4b)
Matching fields at the 44" boundary are obtained by placing
h, =h, = Ths gives the lateral eigencquanons

s“ K, by,

~

\ -" L h.‘
hy +h} =kid t6)
In (6) the complex dielectnic step A 15 written as
A=A +1d ., -k (T)

The imaginary part of the diclectric constant of each region
s determined from elementan conuderations For exampie
with harmomic time vanation expliw? ). the complex diekectne
constant takes the form a, ® &, - HO; €ow) * &, - ix; . where
n,=x;' i the index of refraction. o, 18 the optical conduc
uvity tn the ith regon and ¢, s the vacuum permutunty  In
regons of optical absorption (repon 4') 0 18 postive whule in
repons having population inversion (region 4). 0 1 negative
As 2 result the imaginary part of 3 18 positive

It 15 important 1o note that the dielectnic step in (7118 the
difference between the diclectne constants of repons 4 and &
To inciude the effects of the bght interaction of the active
laver wath all regons. 1t 1 necessary 10 define the effective
dielectnc step [10]. [11) [18]  Thus lateral step 1s found by
first calculating a complex propagation constant { for a
transverse mode umng a fivedayer model [1] with matenal
identical to that of repons 1-5  Another propagation con-
stant {* s computed using regons | -5 The effective compie x
refractive indexes of these modes are n = (L ke and 1 = 4] kg
The effective dielectric step becomes A = (3% - $* 1 ki  The
lateral mode character s governed by the effective step which
includes the actual dieiectne constants of the active laver as
well as those of all vertical repons

Curorr CONDITIONS

The basuc conditions relating the waveguide stnpe width to
the dielectnc step at cutoff for the vanous lateral modes i
discussed in this section For the structure shown in Fig 2(a),
the eigenvalues governing the field shapes of lateral modes are
determuned from solutions of ($) for even modes while the
odd modes satisfy

hew =2 hgcn(n L) (%)
L \ a/
(For simplicity . the v subscripts have been dropped )

In addition. A, and h, satisfv (6) for both even and odd
modes The ratiox /a, = | for contemporary laser structures
To facilitate machine calculations we normahze the lateral
wavenumbers and active repon width

H,o=h k, (9)

S.t.l (10

-4 -2 (<) ? 4
DIELECTRIC STEF RaTIO &/2

Fig 3 Generalized cutoff curves for the latetal step model of an
mpection laser  Waveguides with values represented by points in the
shaded repron propogate only the fundamental lateral mode

Cutoff for a particular lateral mode occurs when Re (4, )~ 0,
1e., the mode 15 not confined to the active region. Equations
(51 and (6) are separated mnto real and imagnary parts using
H, = H,+ ¢ After minor manipulations and setting /¢ =0
we obtain

- /

JHaH = & (11
'l."”.' N.":?H.H‘ ‘)-'
Hisnh (H Sy=H,un(H. S) (13
o i DA [HS\
Ko *Hiun| a¥) :

M. lmh\——:‘! (14,

Eiiminating 43 . in the last three equations we have two
umultaneous equations with the variables defined as 4, S and
H .S where the term A A" 15 treated as a parameter  In the
case of Jossless waveguides, 474" ==  For stripe geometry
structures, the ratio 474" may of course be either positive
ot negative  Therefore, for a given ratio 478" the quantities
H .S and H .S can be computed and substituted into (1 1) thus
pving the value of § at cutoff Fig 3 shows SA"" 7 as 1 func-
tion of 374" Waveguides with values represented by points
i the shaded repon propagate only the fundamental lateral
mode and pomnts above the curve labeied mode 2 propagate
the fundamental and second-order modes.

To understand the meaning of these curves. it is important
1o understand the ongin of the 4’ and 4" values. The real part
of the dielectric step 1s related to the effective lateral index
step, it 1s positive for index guiding and negative for gain or
index antiguiding The imaginary part 15 proportional to the
effective gain and losses of the active laver The fact that the
ordinate contains A" imphies that for s given S the gain of the
active region can be made large enough to make any mode
propagate  Mode selection is solely due to the cavity Q. those
modes requiring the smallest gain from the active region are
excited
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Fig 4 Crom section and representative matrsial constants used n Cal
culatrons for the () virpe geometrs and (b1 CSP lasety

NusmiRicaL Resunrs

In this section we discuss some specific waveguide peometnes
and calculate lateral mode shapes and therr radiation patterns
The lateral mode properties are determined from the effective
dielectnic step at the 4 -4 boundary | the value of the imaginary
part of the dielectnc step 18 dependent upon the gainioss of
regions 4 and 4 as well as the overall laser geometry  The
effective dielectne step for a piven laser structure 15 used in
(5) and (6) 10 obtain the lateral eigenvalues &, and &, fora
gpven stripe width ¢ and threshold gain g, Thas active repon
gain was adiusted to given a mode which travels with G = 30
em”™' to account for radiation cavity-end Josses

Two structures examuned here are the stnpe geometry in
Fig 4a) and the channe! (CSP) in Fig 4(b)  Representative
matenal parameters are included in the figures Of particular
mnterest 18 the ratio 374" which i1t 2 measure of the strength of
index (or index anti- ) guiding in a laser and 1s a coordinate
value for the cut-off curves A4 for the stripe geometry s
plotted in Fig Sta) versus d,. the pwall thickness A« the
p-wall shnnks (less than | um) the defocusing nature of the
contact becomes apparent in larger megative values of & 4"
In this model no lateral index vanation in the active laver is
assumed (gain guiding only ). so that negative 34" ratios are
solely the result of geometry and proximity of the active
region to the contact  The ratio &'/4" for the channel struc-
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Fig & Puncuonal dependence of the diclectne step ratio 4 /87 on
geometny of mpection lasers  (3) & A7 versus the confining p-wall
thchoess 107 2 strape geometry laser. and (b) 3 A7 versus the con

finang nowall thackness for 3 CSP laser

ture of Fig 4(b) 15 plotted in Fig S(b) versus 7. the confining
n-wall thickness  The channel depth s 1 2 um Al parameters
are chosen 1o closely resembie those of Aiki eral [10] The
ratio &' 37 1 positive when the guiding nature of the channel
i enhanced for 1 <08 um The channel mode! of Fig. &(b)
does not include the influence of the contact

Active region gain g, 15 plotted as 2 function of stripe wadth
s for the stnpe geometry and CSP models 1n Figs &(a) and
(b). respectivelsy  In Fig o(a). for d; = 2.0 um. the gain of
the fundamental mode increases rapidly for £ < & um whereas
the gain for the second mode increases for s < [0 gym  This
implies an optimum 5 value hes between & and 10 yum  When
dy = 0.5 um. gy values are hugher because light leaks into the
pGaAs cap. In Fig 6(b), gy for the fundamental mode of
the CSP laser has a soft dependence on 7 between 0.3 and
08 um However, for the second mode. g, nises rapidly for
$< 10 um and =08 um For favorable singie mode opera-
tion we conclude that for =03 um, s <7 um while for
t=08um s <8 um

For all structures the gain curves show that fundamental
mode operation always occurs because its threshold gain 1s
smallest. However, actual devices with large s values operate in
hugh-order modes.  This occurs because gain profile deforma-
tions cause switchings of mode preference. These instabilities
are frequently observed in stripe lasers and 1o a lesser degree in
CSP devices. The prominent reason for irrstabilities 1s the fact
that stnipe geometry lasers have gain gusded modes influenced
by gain profile deformations. These index antiguided modes
have negative 44" values  Even though the actual refractive




i IEEE JOURNAL OF QUANTUM ELECTRONICS VOL QE-15. NO. 8. AUGUST 197

\ e
! S Qv‘ 5
i- -} e \ Y .
I —l o
s . "
§~ g !
: A
1 4 ey ¥ ¢ +
: - -‘. E - e
kel ' N

. \ : < N -

. e e

A - Al A} < .

10N S0  meeme 1788 o' + e
» Ll

Fig & Acuve repon gain £ al threshold versur stripe width : for (a)
unpe geometny laser and (b CSP Lase:

o H
oqLECT™MC sTEP MaTio A

Fig ° Fundamental mode coatour curves [of vamous geometnes
plotied om the generalized cutoff curves The dashed curves labeled
¢ and 2 are [or wripe peometnes eith acuve Layen J, 2 0] wm
Carve ¢ has @5 * 20 um while curve » nas dy * 0% um Curves ¢
and & correspond to CSP lasery with active lavers dy = 01 wm  For
curve ¢ ' * 08 um whie for curve & r* 0 um  For all curves

index of the active layer 13 assumed constan:t, the effective
index step i3 negative because of mode interactions with the
metallic and oxide contacts

For a gven stripe width s, the values of SA™"/% and 47/4" are
caiculated Contours representing the different structures are
computed for the fundamental mode gain In Fig 7 we piot
the locus of potnts on the cutoff curves. High-order mode
contours would follow those of the fundamental at large
ordinant values but as r = 0 the contours approach different
limiting potnts, for exampie. the second mode terminates on
SA"VP w375 and 474" =0 Note that for the stripe geom-
etry device with d, = 0.5 um (curve b), the fundamental mode
contour crosses the second-order mode cutoff at s = 8§ um,
below this ¢ value the second mode does not exist at funda-
mental mode threshold gains On the other hand. the CSP
with /1 * 03 um (curve d) crosses the second mode cutoff at
$=25um

The 4'/4° figure of ment for various structures is demon-
strable in far-field calculstions in the lsteral piane. where the
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Fig & Farfeid raduton patterny for the four geometnes depicted in
Fig 7 (a) ané (b are for stripe geometry lasers whide (<) and (d)
are lor CSP lasert

TE fieid intensity 15

Ely)exp (ko min 6)dy

lE)= cos’ 6

Fig S{a)-(d) i the fundamental mode far-field pattern for
the four contours of Fig = For the stripe geometry laser of
Fig 8(a). d, = 2 um Twan peaks stant to develop for s = § um
and become more enhanced for smalier valves of s in Fig
8(b) where &, =05 um, the twin peaks are more widely
spaced  The larger negative A'/A" value for dy = 0.5 um has
2 defocuming effect on the far-fieid pattern. The twin peaks
in these patterns are mimilar to patterns calculated by Asbeck
eral (7) for narrow stripes using an Eckart potential model.

Far-field patterns for a CSP laser are shown in Fig. 8(c) and
(d). In the limit as the n-confining wall thuckness 7 gets large.
474" = 0. Hence. the patterns of Fig. 8(c) are similar to those
of Fig. 8(2) where /4" is small. In Fig. 8(d), 7 = 03 um and
the twin peaks are absent. the light s closely confined to the
center of the stripe where the defocusing effects of the light
propagating in the primed regions are absent. The focusing
nature of the channel is reflected in a large positive 474"
nauo.

Discussion
The theoretical analyms presented in this paper shows the
powerful effect on the lateral mode content of lasers due to
the radiation extending substantially beyond the recombina-

b, i
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uon region either toward the device surface o substrate
Earher work [4] showed the effect on the threshold current
density from absorpuon in the external regions of double-
neterojuncuon lasers The present analysis indicates the strong
effect on lateral mode propagation by suitable control of the
perpendicular device proflle of heterojuncuon structures

The oxidedefined stripe geometry laser is theoretically
shown (0 be sensitive (o the fracuon of the radiation reachung
the surface repons of the device with regard to the propaga-
uon constants of the vanous lateral modes The effect on the
dielectnic constant is such that antigwiding of the fundamental
mode occurs. Because of the sensitivity of the propagation
constants to the extent of radiation spread toward the surface
of the device (and lack of stadilization of the fundamental
mode) changes in laser current will produce perturbations in
the dielectne profile.  Owang to the iree carnier denury dis-
tnbution, assoctated gan profile, and local heating, the cutoff
conditions for vanous order lateral modes will change with
drive. As descnibed by Kirkby er &/ [4] lateral mode shufts
with current are indeed commonly seen in planar stnpe laserns
Vanauons among lasers may be partally explaned dy dif-
ferences in the degree of radiation confinement in the direc-
uon perpendicular to the junction plane

The radiation fields caiculated show the influence of geom-
etry on the pattern shapes In the stnpe geometry structure,
pattern dstortion occurs for narrow stnipes, this distortion
reflects the amount of wave energy outside the active region
In the strong index guided CSP lasers, pattern distoruon is
absent It should be noted that these calculations were made
with 3 constant real refractive mndex n the active laver and
that index anuguiding results from the effective dielecinc
profile  Inclusion of a real negative index step accentuates
the distortion and spresds the pattern

The dielectnc ratuo & 37 s positive for CSP lasers while it
s negative for stripe geometry devices CSP waveguides pro-
duce lateral confinement in the absence of gain/losses Fora
reactive CSP waveguide the compiex propagation constant
5 mmaginary  In our model this results in Imagnarv({) >
Imaginary({ ') with the difference being the product of the
free space wavenumber and the effective index step [f the
channel were inverted. Imaginarv({) < Imagnarvi{’) and the
effective index step would de negative. there would be no
laterai mode confinement A sinpe geometry waveguide with
a perfect conducting stnipe would behave similarly 10 an in-
verted channel waveguide in the sense that lateral mode con-
finement would not exist

Finally. the step profile approximation ioses accuracy s

the stnpe width narrows Consequently, Figs ¢ 7 and &
should be interpreted on 2 broad qualitauve basis for small
s values
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by
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ABSTRACT

ispersion characteristics and radiation fields of an optical strip-
line waveguide radiating into free space are calculated. The waveguides
are fabricated as multiple lavers of differing dielectric materials. A
top layer is etched to form a "cap’ with an effective waveguide in a lay-
er below the cap. Confinement of the fields to the waveguide is obtained
in the vertical direction by dielectric discontinuties, while lateral comn-
finement occurs because of spatial interference of a continuum of plane
waves. The radiation field of the fundamental mode in a plane perpendicu-
lar to the waveguide lavers is characterized by the laver widths and index
ciscontinuities. Beamwidths of the fundamental mode in the plane parallel
to the dielectric lavers are developed in terms of the waveguide parameters.
Values of these parameters which vield the best optical confinement under

the stripe can be obtained.

* Supported in part by the U.S. Army Research Office




I. Introduction i
The optical stripline waveguide has potential applications as & low loss
channel waveguide in integrated optical circuits [1]. The interest in this

waveguide is due to the fact that it is relatively simple to fabricate compar-

ed to buried waveguide structures having built-in dielectric steps in both
transverse directions. The basic structure of the optical stripline is shown
in Fig. 1. A sizmilar structure, with region & replaced by a conducting plane
and d:-f. has been proposed for use at millimeter and submillimeter wavelengths
[2]. Current research is aimed at producing circuit elements and system appli-
cations using these waveguides.

An overview of dielectric waveguides for microwave integrated circuits has

been given by Knox [3]. Among the most recent applications are scannable anten-

nas and tunable filters. tructures have been fabricated for use as electronic
phase shifters at millimeter [4) and sudbmillimeter wavelenghts (5]. 1toh and
Hebert [6] have simulated an electronically scannable antenns structure with a
mechanical scan. A review of work in integrated optics has been given by Kogel-
nik [7); many of the devices demonstrated use the optical stripline waveguide

as a transmission element. An example is the directional coupler (€], which
consists of several striplines spaced closely together to allow coupling between

guides which has been analvzed using coupled mode theories [9].

The effective index method [l] is a mathematically simple way of predicting
some of the properties of optical striplines. This method explains light confine-
ment under the stripeby assuming an effective index of refraction step in the lat-
eral direction in region 3 of Fig. 1. This effective index step is found by first
obtaining the propagation constants for the structure shown in Fig. 1l with w = &
and then with w = 0, The difference between the two propagation constants divided

bv the free space wavenumber gives the effective index step.




The far field radiation pattern of acleaved stripline radiating into free

space is a useful wav to characterize the structure. For example, the pattern can
be measured experimentally and compared with these computed results to obtain
values of the various waveguide parameters such as the refractive indices “1'“2'
g and n, ., or the dimensions d:, 63 and w. Another potential application of the
stripline structure is in optical arrays where the waveguide is used as s member
of the array. The pattern of the arrav of striplines is the product of the pat-
tern of a single element and the array pattern.

In this paper we develop a series of rigorous calculations showing how the
far-field radiation pattern behaves as a function of various waveguide parameters.
In particular, we calculate the halfpover beamwidth in the lateral direction of
a waveguide mode radiating into free space. The value of the beamwidth is close-
lv related to the effective lateral index step and consequently, determines the
degree with which the waveguide mode is confined to the region below the stripe.
For example, broad patterns are due to strongly confined modes. (These modes
] should be less vulnerable to losses introduced by lateral waveguide bends).

A rigorous mathematical model of the optical stripline [10] does not require
use of an effective lateral index step. An extention of this model has been de-

veloped for the structure in Fig. 1. The height is assumed to be infinite. Nux-

erical results are given to show how the pattern depends on the parameters dZ'dJ‘"‘
and the i{ndex discontinuity.

Since the effective index approximation involves considerably less computa-
tion, a method for obtaining information on the radiation pattern in the lateral
direction using this approxisation would be useful. One possible approach is to
compute the effective index step in the lateral direction and then compute the
radiation pattern of a symmetric three laver waveguide with this index step and

a thickness equal to the stripe width., We have used this approximate technique




to compute the half power beamwidth of the fundamental mode in the lateral direc-

tion. A comparison is given wvith the results obtained by using the more exact

model presented in this paper.




I1. Theory

The analysis of the waveguide structure will parallel that given in
Ref. [10). We will assume, following Marcatilli [11], that there are two
sets of modes, one polarized along the x direction and one along the ¥
direction. For simplicity, we will deal with the modes polarized along the
x direction. We will further restrict this discussion to include only the
even modes. The general sclutions to the wave equation in the various re-

gions can de written:

v,(x,y) = A cos p' x exp (-p "(y ~ d.)) (la) ]

n o B -

valx,y) = ! cos gx [E(q) cxp(-"(y-dz)) + F(q) cxv(—l"(y-dz))] dg (1b)

»B(x.V) = | cos qx [B(q) sin q"v + C(q) cos q"y) dg

Y (x\y) = cos qx [D(g) exp r" (d3 + v))) dgq

wvhere

v, = solution of the wave egquation in the 1th region

k k = free space wavenumber

g n, *» index of refraction in the ith region

i k‘ - hon1

? K.

n 2w

5 & = propagation constant




P;‘ - p; - kl - B (&a)
2 2
2 " 2 2

qQ *+4 - kJ - B (&c)

Matching the fields and their derivatives at the boundaries vields a secular

equation of the form:

Det (E-T) =0 (5)

where £ is the unit matrix and | is a matrix vhose elements depend on the un-
known propagation constant 8. Since the matrices in (5) are of infinite order
the eigenvalue sclutions are found by taking an increasing matrix order be-
ginning with a first order matrix. This process forms a convergent sequence,
converging to the true value of £. For the numerical results given in this
paper, a fourth order matrix was used. This order is sufficient since the se-
quence converges rapidly.

The constants B,C,D,E, and F of Eq. (1) are found by matching the fields
or derivatives at the boundaries. The field description can then be found by

substituting these constants into Eg. (1), giving:

¥y (x,y) = ngl A, cos pix exp(-py (y=¢,)) (&)
-
v(x,¥) = [ AT 1 =2,3,4 M
$ o Wt

vhere Ix represents an integral expression.

The radiation pattern is related to the Fourier transform of the field at
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the aperture [12). Dencte this transform by:

’ﬂ ’.

;(kx.kv) - if(x.y) e i ky'v) dxdy (8)

! {
| S

- -—
vhere ff represents the transverse facet electric field, and

kx - ko cos ¢ sin & (%a)

k? - ko sin ¢ sin & (%)

where © denotes the angle from the z-axis and ¢ is the angle from the x-axis
in the x-y plane. The far field pattern for the case of an aperture field

polarized in the x direction can be written:

E(8,¢8) = C{gc: cosé = ;'x sin¢ cosf) (10)

- -

where C ig a constant and € and ¢ are unit vectors. It if therefore necessary
to obtain cx(kx.kv) which is the Fourier transform of the field distribution

given previously. The result can be written:

1 F¥,) Qa1

c’(kx.ky) - : .

i

vhere r(t‘) denotes the Fourier transform of wi.




III. Numerical Results

The propagation constant for the structure in Fig. (1) with d2 = 0 has
been previously calculated [10). The effect of region 2 on the propagation
constant is shown in Fig. <. We have used normalized values of the parameters

so that the plot will be applicable to a wide class of structures. The

normalized parameters are:

2 -~ 1':
D, = dyk,(n," - 2, %) (12a)
- A =
Dye djko(n; -8, (12b)
g 3 A3
Wew ko(n3 -n, ) (12¢)
2
2 g? B
 Blodos u EPS TR S (124)
% (8 =28,) ny -n,
2 2
n - hx
e -}3__~_-5 (12e)
h3 - DL
2 2
v By =1,
A S (12£)
n3‘ -u,

Fig. 3 shows the normalized propagation constant as a function of 2W,
the normalized stripe width, for various values of DZ' The propagation constant
approaches that of a three layer waveguide for sufficiently large values of
the stripe width. For smaller values of the normalized stripe width, which
are more typical of the values used in integrated optics, the propagation
constant is a strong function of DZ' For large enough values of Dz. ve would
simplv obtain a three laver waveguide, and the effect of the stripe would be

inconsequential.
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We now turn our attention to the radiation fields. The pattern of a wave-
guide radiating into free space depends on the actual values of the various
vaveguide parameters and thus cannot be expressed in terms of normalized para-

meters. Consequently, we chose values of the various parameters typical of

those used in integrated optics. Consider a GaAs - AlGaAs waveguide with

n1 otk T 3.58

n3 = 3.6

de= 1.0 um
.,

We have chosen a wavelength of 1.15 um corresponding to one of the transitions

in a HeNe laser. At * = [ 1% um absorption in GaAs is low.

The halfpower beamwidth of the fundamental mode in the lateral direction
is plotted as a function of the stripe width in Fip. 3. A scan in the lateral
direction was chosen because the far field beamwidth will indicate how well
the fields are confined laterally. This is significant because confinement
of the fields in the lateral direction does not occur because of an index

discontinuity, and so it is important to understand the waveguide parameters

which vield the greatest lateral optical confinement. The degree of optical
confinement is important in considerations of scattering at waveguide bends.
From Fig. 3, it 4is apparent that the beamwidth decreases as ‘2 increases.

For small values of the stripe width, the beamwidth is a strong functiom of

d Each plot exhibits a maximum in the beamwidth, which would correspond

2
to an optimum value of w. Input coupling to the waveguide, which depends on
the numerical aperture, would be maximized for this value of w. For 42 = 0,

for example, this optimum value would be a stripe width of approximately 3u.




In obtaining Fig. 4, a structure was used with “l *n, *n,mn " 3.6,
d = 1y, A » 1.15u, we= 3u, anéd the difference Ry - ny vas denoted An. This
plot shows that the dependence of the lateral beamwidth on the transverse
Ln is enhanced by the presence of region 4. Since a large 4n is desired for
confinement in the vertical direction, this is the region of the plot which is
of interest. Note that when &n = 0.1, the effect of the thickness of region &

increasing from 0 to 0.2L is to decrease the halfpover beamwidth by about 235%.

Figure 5 shows the dependence of the lateral beamwidth on the thickness

of the waveguide region 2. The structure has n, = o *n * 3.3, - S 3.6,

T PSP —

Ae 1.15, and v = 3u.
It is of interest to note that the effective index step approximation dis~
cussed earlier vields good results for the lateral half power beamwidth. Fig-

ure & shows plots of half power beaswidth versus ¢ with d, = 0 computed using

3
the theory above (curve 1) and using the effective index approximation (curve 2).
It {s apparent that the approximation predicts the correct shape of the curve.

The error which can be made using the approximation is less than 26%. 1f the

pattern is needed only in the lateral direction, the use of the approximation

may be justified by the savings in computation time.




T

IV. CONCLUSION

The propagation constant £ of the fundamental mode in the optical strip-
line waveguide has been calculated. For small stripe widths the value of
£ is strongly dependent on the presence of & region between the stripe and the
vaveguiding region. As the thickness of the isclating layer iucreases, the
effect of the strip width on £ decreases.

The halfpower beamwidth of the fundamental mode of the optical stripline
waveguide in a plane parallel to the waveguide lavers has been obtained; this
is a useful indicator of the degree of optical confinement in the lateral direc-
tion. As the stripe widens the beamwidth decreases; indicating that the fields
are spreading in the waveguide. As the stripe width is decreased beyond a cri-
tical point, the beamwidth begins to decrease; this indicates that the optical
fileds are no longer confinecd uder the stripe. The effect of increasing the
thickness of region I is always 1o reduce the halfpower beamwidth.

The lateral beamvidth alsc depends on the thickness of the waveguiding region,

43. As d3 is decreased the beamwidth increases, up to the point wvhere d. becomes

3
so small that the fields begin tc spread outside the waveguiding region. Then

the beamwidth drops sharply. This behavior i{s also predicted by using the effec-
tive index approximation to determine an index discontinuity, and then calculating
the far field beamwidth of a three layer waveguide with this index step and a

thickness of 2w.
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FIGURES

Cross section of the optical stripline waveguide

Normalized propagation constant of the fundamental mode as &
function of normalized stripe width

lLateral halfpower beamwidth of the fundamental mode as a function
of stripe width

Lateral halfpower beamwidth of the fundamental mode as a function
of the index discontinuity

Lateral halfpower beamwidth of the fundamental mode versus the
thickness of region 3, the region where light is confined.
Comparison of the method given in this paper for calculating the
lateral halfpower beamwidth (curve 1) with the effective index

method (curve 2)
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Evaluation of Dielectric Optical
Waveguides From Their Far Field Radiation Patterns*
by M. W. Scott and J. K. Butler
Southern Methodist University
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ABSTRACT

An experimental technique for determining the characteristics of
dielectric coptical waveguides is presented. The far field pattern of a %
passive waveguide excited bv an external source is measured and compared
with a theoretical pattern. The presence of spurious light in the far
field complicates the measurement, but this difficulty can be minimized !
for many structures. Application to semiconductor laser structures is
discussed. Determining the waveguiding properties of laser structures
prior to processing can result in the early detection of faults for in-

creased vield.

*Supported by U. S. Army Research Office




Evaluation of Dielectric Optical

Waveguides From Their Far Field Rad:iation FPatterns

Dielectric optical waveguides are the basic building blocks used to construct
integrated optical circuits [1,2]. Semiconductor lasers consist essentially of
dielectric optical waveguides with optical "gain" in the active region to furnish
light amplification [3-7]. The properties of dielectiric waveguides depend on the
geomecry of the structure and the index of refractior disconrinuities between the
region where light is confined and the surrounding regions. Device geometrical
dimensions can be studied using the scanning electron microscope (SEM) and the
index of refraction profile can be estimated from pudblished data (8], [9]).

In this paper we present an experimental technique for determining the pro-
perties of certain optical wvaveguide structures. This technique can be applied
to semiconductor laser wafers defore they are cleaved to form individual deivces.
The waveguiding properties of the structure can be deterzined prior to actually
making the device. The detection of any faults in the wafer at this point would
result in a: increased vield.

The experimental apparatus used t¢ excite a propagating mode in the vave-
guide has been used previously [10-14]. Light from a 1.15 vz HeNe laser is
focused into the waveguide by a microscope objective. A second microscope ob-
jective is focused on the output side of the waveguide. A camers with an infra-
red vidicon is then used to observe the near field of the waveguide.

After a propagating mode has been excited, a permanium detector with a small
active area is scanned across the far field, An example of a far field pattern
measured experimentally is shown with solid lines in Fig. 1. This pattern vas
obtained from a multi-layer structure. An n-type laver of AlGaAs doped with
tellurium is grown on a GaAs substrate. This laver has about 1% aluminum; the

next laver is GaAs lightly doped with silicon. The final laver ie p-type AlGaAs




doped with germanium with about 20X aluminum. The thicknesses of the various

regions are known quite accurately from mezsurements with the SEI.

The middle laver, which is lightly doped GaAs, will confine most of the
light since it is the region with the highest index of refraction. The refrac-
tive index of this region can be extrapolated from dats published previously
{8]. If this value is not accurate, it makes very little difference since the
waveguiding properties of the structure are determined by the index steps be-
tween this region and the other lavers.

One other observation can further simplify the problem of obtaining &
theoretical pattern to match the one recorded experimentally. Since there is a
large index step between the active region and the laver with 205 aluminum,
there will be very little light confined to this 201 aluminuz laver. We can
therefore estimate the step between the active region and the 201 aluminum laver
to be 0.1 using the references cited earlier [8,9]).

The index of refraction profile resulting from the estimates given above
{s shown in Fig. 2. The thicknesses of the various regions are also shown. The
index step between regions 2 and 3 and regions 1 and 3 will have a significant
effect on the far field pattern. These index steps are labeled &nz and Anl. Te~
spectively, in Fig. 2.

For given values of &ny and An:. the far field pattern of & multi-layer
vaveguide with the index profile shown in Fig. 2 can be calculated [15].

Fig. 3 shows how the halfpower beamwidth of the fundamental mode of the structure
in Fig. 2 varies as a function of Anz for certain values of Anl.

The experimental pattern discussed earlier i{s obviously the pattern of a fun-
damental mode, since it has only one peak. The halfpower beamwidth of the exper-

imental pattern is 17'. From Fig. 3 we note that there are an infinite number

of combinations of Anl and Anz which would produce the same halfpower beamwidth.




Fortunately, all of these parameter values do not produce the same racdiation pat-
tern. For example, two radiation patterns with the same halfpower beamwidth but
different shapes are shown superimposed on the experimental pattern im Fig. 1.

Une of these patterns agrees with the experimental result only at the halfpower
points, with no agreement at other points. The second pattern more closely matches
the experimental pattern. The values of An1 and Anz resulting in this pattern
were found by requiring the theory to match experiment at the halfpower and 702
power pcints. Since small perturbations in the parameters Aal and An2 result in

significant changes in the pattern, the parameters in, and An, have been determined

1
quite accurately by this procedure.

The procedure outlined above does have certain limitations. It works best on
structures designed for single mode cperation, i.e., small active regions and small
index steps, bnz. Although the method can be applied to multimoded structures, ob-
taining a theoretical match o the experimental pattern is often complicated by the
presence of several modes adding together to form the aperture field. The fields
of each of these modes must be multiplied by complex weighting coefficients to ac-
count for phase differences between the modes. This introduces several more un-
knowns into the problem, and makes the ''trial and error” approach to pattern match-
ing very tedious.

One other potential problem is the presence of scattered light in the far
field. This prodlem is minimized by using an input microscope objective with a
spot size smaller than the thickness of the active region of the waveguide. This
ensures that most of the light will be focused into the waveguide. For waveguides
with very small active regions, this poses a serious limitation.

Despite these limitations, there is a wide range of device parameters for
wvhich the technique {s very useful. In addition to the lavered waveguide dis-

cussed here, the technique can alsc be applied to optical stripline waveguides

and stripe geometry lasers.
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List of Illustrations

Fig. 1. Experimental and theoretical far field patterns for a
multi-laver laser structure.

"0

Fig. Index of refraction profile of the multi-laver structure
used in computing the theoretical far field patterns in

Fig. 3. Thicknesses of layers are alsc shownm.

Fig. 3. Halfpower beamwidth of fundamental mode of the structure
in Fig. & as a function of Lo for certain values of Anl.
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Field Solutions for the Lateral Modes of
Stripe Geometry Injection Lasers®
by
J. B. Delaney and J. K. Butler
flectrica! Encineering Department
Southern Methodist University

Dallas, TX 7527%

ABSTRACT

The mode properties of stripe ceometry lasers are analyzed from solutions
of a boundary technique which inextricably ties the vertical and lateral mode
shapes. Assuming a parabolic dielectric distribution in the active laver,
attention is focusec on the lateral mode shapes as a2 function of active layer
thicknesses; results are compared to those obtained using 2 simple Hermite-
Gaussian field. In particular, near-fields of the two models 2re comparec¢ and
discrepancies in half-power full widths of tne lateral intensities are found
to be greater than 25% for thin active layer thicknesses, 0.1 um. The new
model, which accurately matches fields at the verticel heterojunction bound-
aries, predicts relatively high gain values at threshold for thin active lay-

er structures.

* Supported bv U. S. Army Research 0ffice
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Stripe geometry Al Ga, As lasers have been modeled with & complex dielec-
tric constant in the active layer of the form(1'4)

Kix) = -:02 - kO‘CZIZ (1)

where ‘0 is the complex dielectric constant at x=( and ko is the free space
wave number. With this c¢ielectric distribution, modes can be described by sim-

<73
ple Hermite-Gaussian func:ions.(s 7)

Such quantities as peak active region
gain and latera! index changes can be estimated from measurements of near/
far field nalf-power wictns anc & virtual waist position. However, if the
fields are matched at the heterojunctions (x'%; of Fig. 1) it is necessary to
use 2 summation of Hermite-Gaussian functions to describe a mode, with the con-
sequence that the near anc ‘ar radiation fields are alteredga) We briefly
compare the major ciscrepancies which arise between using 2 single term anc 2
summation to describe the lateral field.

Referring to the ceometry of Fig. 1, a summary of the field representa-
tion for a symmetric TE mode of the form exp(iut-yz), where ys - % + 18, is

£ (ny) -EEO Atcos;cLyFHi(-i kox)exp(- % akozxz) 3;;<§ (2)
= 1
Ex("y) = 6 B(W}COS£)I)QID{(g - ,v)(x2 - kg 2‘.' vz)z}dx {xi>§ (3)

where i=0,2,4,... for even modes, ¥ _ is the Hermite polynomial and ¢, 15 the

L
dielectric constant for the sandwiching layers. The vertical eigenvalue, Q
satisfies

“oz‘o - Yz . qu . k020(2!*1) (&)




The far field intensity in the lateral plane 13(9)

: 2
1 s} !
] ‘ocosg le, 0.kpsing)| (5)
where e is the two cimensional Fourier transform of E‘(x,y).

Comparison of the radiation field for matchec fields to the single term

case is accomplished with the parameter “a" in equation (1) defined as(a)

]
]
NaGny e
2 e L0 a0 4 41074k )2 (6)
KX 0
070
R = én/ég cm

where X®Xq is defined as the point at which the gain has falien to 2erp, i.e.,
69-90. §n is the refractive index change at Xe=Xy.

Nume-ical soiutions illustrating the differences between the two models
are presented in Figs. 2 and 3. in Figs. 2(c) and (d) the fundamental mode
half-power full width B of the latera) near-field is plotted against the full
gain width 2;0 for various active region thicknesses d. The small cashed lines
are for the single term case; the solid lines are for the summetion case arising
from matching fields at the heterojunctions; anc the large dashed curve corres-
ponds to the asymptotic case as d-large (e.c., 1.0 um). It should be noted at
the outset that the two models coincide for large active regions and display
contrasting trends as ¢ gets small with less energy confined to the active
layer. The beamwidth is a soft function of ¢ for the summation case,
with B increasing as more energy is confined to the active region. In contrast,
beamwidths for the single term case change more rapidly with B decreasing
as the active layer progresses to a large thickness. These trends are graph-
fcally exhibited in Fig. 5 (b), where B is plotted directly against d. The

LN




fact that the two models coincide in the asymptotic case d-large is illustrated
in the expansion coefficients, A,, used in equation (2). As o-large anc all the
light is confined to the active layer, we find that [Aoi-l, 1A£;~0 for £¢0, and
the lateral field expression for the summation case is Gaussian. As Fig. 3(b)
indicates, the difference in the two models is negligible for ¢>0.5um.

The far-field half power full widths.eir are calculated for completeness
and presented in Figs. 2 (a) and (b) and Fig. 3 (a). Again, the two models

3

overlay for d>0.5um. A value of Rs-10 " includes 2 small refractive index rise

at x=x, over the value at x=0. For instance, with ZxO-TZum. d=0.2um, &n=0.2,
the peak gain numerically calculated for the summation case is 90-135 cm°].

This is the gain required to propagate a2 mode with 2 modal gain G-SOcm’] to
satisfy raciation end losses. Thus én = &gR = -0.000135.

Typical peak gains ar} plotted against the active region thickness in Fig.4
for the case Re0,2x,= 12um. The solic lines are for the summation and the dash-
ed lines are for the single term., The differences in peak gain values are Quite
notable for d<0.2um. The peak gain follows similar trends for other valves of
the parameter R. The more rapic rise of the gain as d drops in the solid curves
implies higher currents at threshoic.

A worst case example of the cifference in the two models is R--\O's.
2x0-12um. d=0.7um, 4n=0.2. The single term near-field spot width is 29% larger
than that for the summation model. The single term far-field width is 27%
smaller than its summation counterpart.

In conclusion, a simple Hermite Gaussian mode description of the lateral

field has the inherent attractiveness of analytic simplicity, with the concomi-

tant ease of matching experimental evidence of the laser. However, the approxi-
mation loses accuracy for very thin active layers. Properly matched fields

yield an expression for the lateral field intensity which can significantly

P




di¢fer from a single term description as the active layer narrows. Resorting
to the more complicated summation expression has the disadvantage in that 2
computer has to be used to manace an infinite series. When the active layer
is thicker than 0.25um, it is 1ikely that the error in using one term for the
latera) field is not more crucial than the error unavoidable in laboratory ex-

periment.
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FIGURE CAPTIONS

Figure 1. Cross-section of the active region of a siripe geometry laser. The

complex dielectric constant of the active layer is parabelic in x.

Figure 2. B is the fundamental mode half-power full width of the lateral near-
field intensity. &, is the fundamental mode half-power full width of the latera]
far field intensity. 2;0 is the ful) gain width of the active layer under the
stripe. Small dashed lines correspond to 2 single term representation of the
lateral field; solid lTines are for the lateral field represented by 2 summation
of Hermite-Gaussian functions; and the large dashed lines are for the asymptotic

case d-large (1.0 um).

Figure 3. B and erart plotted against the active region thickness d in microns,
The dashed 1ines are for the case where the lateral field is a single term,
The solid lines are for 2 summation of Hermite-Gaussian functions. 2x0-12um.

A1l curves are for the fundamental mode.

Figure 4. Peak gain 90 is plotted against the active region thickness d in
microns for the fundamental and second mode. The solid curves are for a sume
mation while the dashed curves are for a single term representation of lateral

mode.
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ELECTROMAGNETIC MODES OF HETEROJUNCTION INJECTION LASERS
Mvisor, Professor Jerome K. Butler

Doctor of Philosophy degree conferred: May 1977

Dissertation completed: January 21, 1977

School of Engineering and Applied Science, Southern Methodist University

This research is concerned with the theoretical msdeling of
heterojunction injection lasers. Studies have been made on two
dimensional radiation patterns, mode reflectivities due to cleved
facets, transverse mode selection, and the relationships between the
threshold gain and aluminum concentration of various grown layers in
the CaAs-AlGaAs device structure.

Two dimensional mode confinement is discussed for several laser
structures including stripe ;ob‘.try devices. Radiation pstterns and
node reflectivities were calculated using the two dimensional model.

Transverse mode selection due to & thin film coating on the
laser facet is discussed.

The threshold behavior for CW operation is investigated. The
aluminum mole fraction in the active region determining the lasing
-avelength, affects the active region gain at threshold. Llasers with
s given active region width and index step have the smallest threshold
gain vhen aluminua fraction of the active region is the largest; the

peak frectional value of aluminum cannot exceed 0.37.
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Scott, Marion Wayne

E., Southern Methodist University, May 1875
E., Southern Methodist University, December 1§7¢
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M.5.E.

RADIATION FIELDS OF DIELECTRIC OPTICAL WAVEGUIDES
Advisor, Professor Jerome K. Butler

Doctor of Philescphy degree conferred: August 6, 1979

Dissertation completed: July 3, 1979

School of Engineering and Applied Science, Southern Methodist Universicy

An experimental method of measuring the far field radistion
pattern of dielectric optical waveguides is presented. The pattemns
of three-laver and five-laver structures, cbtained using this technigue,
are given. Matching the experimental results with patterns calculated
using the theory of lavered waveguides cetermines the geometry and index
of refraction profile of the waveguide.

Dispersion characteristics and radistion flelds of an optical
stripline waveguide radiating into free space are -~alculated. The
halfpower beamwicdch ¢f the funcamental Dode it & plane parallel 2 the
cielectric lavers is used as an indication of the degree of optical
confinepent under the stripe. Plots of the beam’idth versus the
various waveguide parameters indicate the parameter values which give
the best optical confinement. An approximate, and computationally

,,41;;lcr. thod of calculating this beamwidth is also discussed.
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“*This research was concerned with (1) the electromagnetic modes and (2) the

radiation pattern characteristics of contemporary injection laser structures.
The objective was to investigate laser structures which can produce stable-
beam radiation patterns. The control of lateral fields in lasers has been
accomplished with manv novel devices such as the channeled-substrate-planar,
buried heterostructure and strip-loaded waveguide. The drawback to the stripe .
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laser is that it is laterally unstable. Much of our work has been aimed at
rigorously modeling the electromagnetic modes of stripe lasers. We have also
applied our analysis to other lasers such as the channeled-substrate-planar

device.
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